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Abstract               
The construction of a culvert within a river channel alters the local hydraulic 
characteristics which often increases upstream water elevation as a result of the volume 
of water being constricted as it enters the culvert. This effect can be exacerbated if there 
is a build up of debris either at the inlet or trapped within the culvert. As a consequence 
culverts, especially those which are prone to becoming blocked, may considerably 
increase the potential for out of channel flows and therefore the risk of serious flooding. 
While trash screens may be fitted at a culvert inlet to prevent debris from entering, 
unless they are well designed and maintained they may increase the potential for 
flooding if they become blocked by trapping debris that would have passed unrestricted 
through the culvert. Guidelines for screen design focus mainly on ensuring sufficient 
screen area is provided to handle the expected debris load, while recommendations for 
individual screen elements, such as bar spacing, are generally based on anecdotal 
evidence and site specific environmental or safety concerns. However, many different 
trash screen configurations can influence blockage potential. To gain a better 
understanding of how blockage, and therefore any potential associated flood risk, of 
culvert trash screens is influenced by screen geometry and position, a Froude-scaled 
physical model was developed to facilitate assessment of the efficiency of different 
trash screen configurations. To minimize scaling issues related to complex geometry, 
and to ensure the focus of the research remained on the influence of screen design rather 
than on factors specific to the debris, wooden dowel was used to represent different 
debris lengths. Detailed analysis based on 147,000 debris passes is used to show that, as 
would be expected, potential for screen blockage by debris increases as the ratio of 
debris length to bar spacing increases. However, in addition, a key finding has been that 
the screen position relative to the zone of flow acceleration created as the flow is 
constricted on approach to the culvert inlet is a significant driving factor in the blocking 
potential of the screen. Detailed statistical analysis was used to define blockage 
potential in terms of all contributing factors. The derived model was used to develop 
end user focussed tools, a nomograph and an interactive spreadsheet, to aid estimation 
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Floods are a natural occurrence and the risks they pose are wide ranging. However, in 
societal terms, the main concern is the risk to people and property. Globally, the number 
of recorded flood events is increasing. Flooding currently accounts for a large 
proportion of the average annual damage and loss of life caused by natural events with 
around 9000 deaths annually and flood related costs of over £10bn a year (Golding, 
2009). For example, in 2007 over 200 major floods worldwide affected 180 million 
people and resulted in around 8000 deaths. In financial terms the 2007 floods caused an 
estimated £40 billion worth of damage (Pitt, 2008). In 2008 the expected annual 
damages from urban flooding in the United Kingdom (UK) were estimated at £0.27 
billion (Dawson et al., 2008) but it has been suggested that as a result of urban growth, 
land use changes and climate changes this could rise to between £2 billion and £15 
billion by 2080 (Evans et al., 2004b; Hall et al., 2005). The first Scottish National Flood 
Risk Assessment, produced by the Scottish Environment Protection Agency (SEPA), 
reports that approximately one in 22 of all residential properties and one in 13 of all 
non-residential properties in Scotland are at risk from flooding and notes that the 
average annual damage to homes, businesses and agriculture from all sources of 
flooding is estimated to be between £720 million and £850 million (SEPA, 2011). In 
addition, climate change trends suggest that Scotland will experience more frequent 
extreme weather events, including intense summer rainfall (SEPA, 2012a). Along with 
potential climate changes, changes in land use can fundamentally influence the water 
balance of a catchment through, for example, abstraction from rivers or ground water 
sources for irrigation, the different evaporative demands of different crop types or a 
switch from agricultural to urban use.  
Assessing the risk of flooding to human life and property and working towards 
minimising flood risk has become a major concern. This is in part due to increased 
public awareness of these issues and the drive resulting from reports such as the Pitt 
review, produced as a response to the UK floods of 2007 (Pitt, 2008). This focus on risk 
assessment rather than relying on post flood action is supported by the Department of 
Environment, Food and Rural Affairs (DEFRA) strategy ,‗Making Space for Water‘, 
(DEFRA, 2004) and the implementation of the Water Framework Directive (WFD) 
(EU, 2000).  
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Flooding has an impact on many aspects of life including the natural environment and 
ecosystems, social systems, infrastructure and the built environment, and economic 
activity (Hall et al., 2003).  Flooding can result in damage due to direct contact with 
floodwaters but indirect damage may also occur as a further consequence of the flood 
and the disruption of economic and social activities. The assessment of damage can be 
broken down into tangible and intangible damages. Tangible damages include: physical 
damage to buildings and their contents, damage to infrastructure, loss of industrial 
production, traffic disruption and costs directly relating to emergency response. 
Intangible damages are harder to quantify but as significant and include: loss of life, 
short and long term health effects, ecological impacts, impact of post-flood recovery, 
and the increased vulnerability of survivors (Floodsite, 2009). 
The economic cost of flooding can be substantial. There may be a significant loss of 
economic production due to damaged facilities, energy and telecommunication failures, 
and the interruption of supply of intermediary goods such as prefabricated product 
components and processed materials (Messner & Meyer, 2005).  Other examples 
include loss of time and profits due to traffic disruption, disturbance of markets after 
floods, and the disadvantages connected with reduced market and public services. 
Direct damage is only a small part of the effect of flooding upon humans; there are also 
huge social and environmental impacts including loss of homes, goods and working 
environments and increased health risks (ICE, 2001; OFWAT, 2002). Flooding can also 
result in serious injury and fatalities. It is acknowledged that indirect, environmental 
and socio-economic damage need to be a major consideration when fully analysing 
flood impacts (FEMA, 1998; Penning-Rowsell & Green, 2000) and in the UK there has 
been a noticeable shift away from the dependence on purely economic analysis towards 
a more holistic approach that takes into account the distress and social impacts of 
flooding (ICE, 2001; Hall et al., 2003; Werritty et al., 2007). This is in line with Article 
6 of the European Union (EU) Directive on the assessment and management of flood 
risks (Floods Directive), which requires the assessment and mapping of social, 
economic and environmental flood risk (EU, 2007).   
Many factors and situations may contribute to flood risk. The work detailed here is 
concerned with one potential flood risk; that associated with flooding at culvert inlet 
screens when they become blocked by a build up of debris.   
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1.2. Flood Risks Associated with Culverts 
Flood risk in urban areas has often been managed through the construction of culverts. 
This has resulted in river maintenance difficulties and reduced the ability of channels to 
cope with increasingly intense summer storms. Many of these installations were 
designed to accommodate major flooding using guidelines and predictions available at 
the time of installation. However, the recommended volumes may no longer be 
adequate due to recent and predicted future climate change impacts and land use 
changes.  
Since the mid-1990s the potential for increased flood risk associated with culverts has 
been recognised and both the Environment Agency (EA) (CIWEM, 2010) and SEPA 
now discourage culverting. The Scottish Executive (2004), in advice to local authorities 
on planning and flooding, notes that culverts are a frequent cause of local flooding, 
particularly if the design or maintenance is inadequate. In their Position Statement to 
support the implementation of the Water Environment (Controlled Activities: Scotland) 
Regulations 2005 (CAR) (TSO, 2005), SEPA notes that culverts have a range of 
harmful local and system-wide impacts on the environment and indicate their aim is to 
―Protect the physical character, habitat, transport of sediment, free passage of fauna, 
establishment of other ecology, access to light, and chemical quality in small and urban 
watercourses from the harmful effects of culverting‖ (SEPA, 2005, Section 1.2). SEPA 
states that it: 
 ―Is opposed to the enclosed culverting of watercourses for land gain and will 
actively seek to discourage such proposals‖ 
 ―Will presume against unjustified enclosed culverting (box or cylinder) of 
watercourses as bridging structures for transport routes‖ 
 ―Will presume against other forms of unjustified open culverting of watercourses 
(e.g. brick, stone or concrete open channels)‖ 
 ―Will seek improvements to existing culverts in line with this position statement 
when replacement or significant maintenance works are proposed‖ 
 
Furthermore, where it has been demonstrated that culverting is the only viable option, 
SEPA ―will seek adoption of mitigation measures to protect habitats, passage of fauna, 
and river form and flow‖. 
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In addition to minimizing the negative environmental aspects, the aim of SEPA‘s 
position statement is to mitigate the problems of increased flood risk associated with 
poorly designed culverts. For example Figure 1.1a shows a well designed culvert with 
appropriate capacity and consideration of environmental issues while Figure 1.1b shows 
a poor culvert design where the risk of blockage may be increased through the use of 
multiple small barrels which are individually more prone to blockage. A summary of 
risk factors for culvert blockage is shown in Table 1.1. 
 
(a)   (b)  
Figure 1.1 (a) Good culvert design (b) Poor culvert design (Image b from Benn et al., 2004) 
 




The smaller the culvert, the more likely it is to become 
blocked. The preferred option is to avoid multiple barrel 
culverts and adopt the largest size practicable. 
Bends, steps and 
changes of cross-
section 
These should be avoided as they can trap larger items of 
debris which start to cause a blockage. 
Length The longer the culvert, the greater the probability that 
debris will be trapped somewhere, and the more difficult it 
is to remove a blockage. 
Hydraulic design A culvert that flows with a free water surface, even in large 
floods, is less likely to trap large debris than one which 
flows full. 
Inverted siphon culverts 
(those where the barrel 
dips down to pass under 
an obstruction 
These are more likely to block due to the accumulation of 
debris during periods of low flow. Such culverts should be 
avoided except in circumstances where there is no other 
practicable option. 
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Alteration to a river channel by the construction of a culvert may change the 
characteristics of the flow upstream, often increasing the backwater elevation if the 
culvert inlet acts as the point of control and this effect can be exacerbated by the 
presence of debris if it becomes trapped within the culvert or at its inlet. As a 
consequence culverts, especially those which are prone to becoming blocked, may 
considerably increase the potential for out of channel flows and therefore the risk of 
serious flooding. Often the problem is minor, for example a blocked culvert may result 
in a road flooding, which causes disruption but has no lasting damage. In other cases the 
problems can be more substantial. For example in August 2004, 57 people had to be 
airlifted to safety after the vehicles they were travelling in became trapped between two 
debris flows in Glen Ogle.  The debris flows were the result of culverts carrying streams 
under the road becoming blocked due to exceptionally high rainfall and high soil 
saturation which had triggered debris slides into the headwaters of the streams (Winter 
et al., 2008).  
Blocked culverts may also put lives at risk either directly through the flood waters or as 
a result of structural damage to buildings and infrastructure. The following examples 
illustrate the potential serious risk caused by flooding at culverts. In Merthyr Tydfil in 
December 1979 two residents were drowned when water trapped behind a culvert was 
released when the blockage cleared (RSSB, 2004). Three deaths occurred in Carlisle 
during 2005 during the worst flooding in that city for over 100 years (Pitt, 2008). In 
2007, five members of a family were killed in Gosford, New South Wales when a road 
collapsed because of a failure to adequately maintain the underlying culvert (McCarthy, 
2008) and during the flooding that year in the UK one case of accidental drowning was 
recorded as being the direct result of an individual becoming trapped by a temporary 
grille covering a concrete culvert (Pitt, 2008).  More recently, in 2011, a member of the 
public died while trying to unblock a culvert during a storm to try and ease flooding in 
the village of Smithton near Inverness (Freuchie Flood Action Group, 2011). 
Within the UK, most urban streams and brooks no longer act as the main disposal 
mechanism for foul sewage as a result of the 1936 Public Health Act which required 
local authorities to provide public sewers (HMSO, 1936). However, many are treated as 
a convenient disposal system by local residents and/or still receive combined sewage 
overflow (CSO) discharges.  In addition, industrial and commercial waste may enter the 
watercourse either through deliberate disposal or accidental spillage. A wide range of 
discarded items including toys, plastic bags, garden waste, traffic cones and shopping 
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trolleys find their way into urban watercourses, which consequently increase the risk of 
blockage and associated flooding (ICE, 2001).  In addition to debris resulting from 
deliberate tipping, a considerable amount of debris finds its way naturally to the 
watercourse. The volumes of debris are dependent on the extended riparian environment 
as debris may have originated from within the watercourse or its immediate 
surroundings, or may have been transported there from a more distant location through 
natural or anthropogenic processes.  
Blockage by debris is one of the main factors contributing to flood risk associated with 
culverts but other forms of culvert failure are also a hazard. Flooding may occur due to 
collapse of the culvert, an example of which took place on the I-70, East of Vail, 
Colorado, USA in 2003 when four lanes of the highway were damaged. City streets and 
28 homes also suffered damage. The culvert failed due to rusting of a corrugated metal 
pipe (Perrin & Jhaveri, 2004).  Culvert collapse can also occur where culvert 
construction, installation or maintenance has been poor, or where the load on the culvert 
from overhead traffic exceeds the design load.  
Culvert failure may also be the result of insufficient capacity. This may be due to poor 
design, unexpected extreme conditions or changes to the catchment such as land use 
changes since installation.  
It is recognised that full hydraulic assessment of a potential culvert, its catchment and 
hydrology including potential future challenges and changes (particularly climate 
change derived) will help to determine the appropriate capacity for the culvert and 
contribute towards minimising any flood risk. 
 
1.3. The Use of Trash Screens 
Trash screens (sometimes referred to as debris screens or grilles) are often installed at 
the upstream end of culverts to prevent the entry of debris. Some example screens are 
shown in Figures 1.2 to 1.5. Unless the screens are well designed and maintained they 
may be a hazard in themselves and actually increase the potential for flooding if they 
trap debris that would have passed through the culvert without causing any problems. 
Table 1.2 summarises the hazards associated with trash screens.  
 
 








    
Figure 1.3 Debris screen in Inch Park Edinburgh 
 
 








Figure 1.5 Debris screen at culvert on the Braidburn at Redford Road in Edinburgh 
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Table 1.2 Hazards associated with trash screens (EA, 2009. Table 4.1 page 14) 
Hazards associated with not 
providing a screen 
Hazards that may arise as a consequence of 
installing a screen in a watercourse 
Death or injury as a result of 
someone entering a culvert or 
being swept in during a flood 
Flooding resulting from blockage 
of the culvert by debris 
Damage to the interior of a culvert 




Flooding caused by debris accumulating on a 
screen and blocking it 
Injury to those responsible for maintaining and 
cleaning the screen 
Environmental degradation – visual impact, 
restrictions to wildlife movement, lighting 
nuisance, health impacts of accumulating trash at 
the site, vandalism 
Structural failure 
Restriction on access in an emergency 
 
Trash screens differ from security screens in that their main purpose is to prevent the 
passage of debris into the culvert rather than restrict access or minimize health and 
safety concerns. Trash screens are also generally only installed at the upstream end of a 
culvert. According to the EA (2009, p5), ―The screen should trap as little debris as 
possible commensurate with the aim of preventing material that could cause a blockage 
from progressing downstream‖. Current guidelines and standards for the use of trash 
screens are discussed in detail in Chapter 2.  
Once site requirements have been taken into consideration, currently the main focus of 
screen design is on ensuring sufficient screen area is provided to handle the expected 
debris load. However a number of other trash screen configuration elements may also 
have an influence on the potential for blocking debris passage and a better 
understanding of the influence of these elements is required to ensure screen designs 
can be optimised in order to minimise any flood risk associated with blockage at culvert 
trash screens. This is important as culverts will continue to play an integral role in urban 
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1.4. Future Challenges 
1.4.1. Increased urbanisation 
In 2007 half of the world‘s population lived in cities.  The total global urban population 
is expected to almost double over the next 20 years, resulting in over five billion city 
dwellers, over 60% of the predicted global population (Hall, 2007; Zevenbergen et al., 
2008).  Within England, it was predicted that land in urban/industrial use will increase 
by 20% between 2000 and 2016 with a need for up to five million new homes 
(Robinson et al., 2000).  Urbanisation has a significant effect on the hydrological cycle, 
and in particular, on the physical structure of streams and rivers and rainfall-runoff 
processes.  Increases in impervious surfaces can result in magnification of runoff during 
storm events, bank erosion and the alteration of stream channels (e.g. Walsh et al., 
2005a, 2005b; Pizzuto et al., 2008). These changes are summarised in Figure 1.6.  
 
 
Figure 1.6 Typical hydrologic-hydraulic impact of urbanisation (Walesh, 1989) 
 
This urban development has resulted in a process of ‗urbanisation‘ of natural drains and 
streams around the growing urban areas.  Two of the most significant forms of this are 
concrete lining and culverting (ICE, 2001) both of which lead to environmental 
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degradation of streams. Pickett et al. (2011), in a review of progress made in managing 
urban ecological systems, discuss the problems resulting from ―Urban Stream 
Syndrome‖, a term used by Walsh (2005b) to describe the degradation of streams in 
urban areas.  Rivers and streams have an important role in a number of processes 
including transporting surface runoff, providing habitat and migration pathways for 
aquatic species, and attenuating pollution. Changes to rivers and streams resulting from 
urbanisation may therefore alter the transport of energy, materials, and certain 
ecosystem functions (e.g. Groffman et al., 2002; Elmore & Kaushal, 2008; Kaushal 
et al., 2008; Roach et al., 2008). 
Increased urbanisation can further increase rainfall over and above any climate change 
related increase due to higher temperatures leading to increased convection and the 
supply of sources of water vapour along with particles to seed raindrop formation from 
combustion and industrial processes. Mansell (2003) suggests that an increase in 
precipitation of up to 15% can occur in and downwind of large urban areas.   
In addition to the increasing flood risk due to changes in runoff patterns there is also an 
increase in susceptibility to flooding as pressures grow to build in unsuitable areas such 
as flood plains.  
 
1.4.2. Climate change 
Flood risk issues associated with culverts may become more pronounced if climate 
change leads to more extreme rainfall events.  Current climate change predictions 
indicate that severe weather events will become more frequent.  Rainfall could increase 
by up to 40% leading to an increase in surface runoff and corresponding flood volumes 
(UKWIR, 2004).   Evans et al. (2004b) suggest both socio-economic and climate 
changes may lead to an increase in flood damages of 200%.  In order to understand the 
implications of the potential increase in flood risk a major report was commissioned by 
the Parliamentary Office of Science and Technology (POST).  The Foresight Flood and 
Coastal Defence project studied the impact of four different future scenarios on flood 
risk (Foresight, 2006).  The scenarios represented a range of environmental and 
economic conditions. The report indicated that with existing policies and measures 
flood risk would increase under all scenarios. However, the level of damage was 
scenario dependant. For example, under the ‗world markets‘ scenario the increase in 
economic value of property would result in higher levels of financial damage.   




The key legislative performance requirements of a culvert as defined by Balkham et al. 
(2010) are:  
 Environmental legislation 
 Health and safety legislation                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
 Duties as the riparian owner 
 Legislation relating to the infrastructure associated with the culvert 
 
The existing legal framework relating to culverts varies from country to country within 
the UK.  Each system confers rights, powers and duties on the owners of culverts and 
the relevant statutory bodies.  In Scotland, the recent Flood Risk Management 
(Scotland) Act 2009 (Scottish Government, 2009) transposes the ‗Floods Directive‘ 
(EU, 2007) into Scottish Law.  This will increase the role of SEPA within flood risk 
management and place new requirements on the Scottish Government, SEPA and 
responsible authorities.  There will be a requirement to map and assess structures that 
may cause or reduce flood risk which will include culverts and culvert trash and safety 
screens.  The new legislation should provide a simplified route to promoting flood 
management schemes and culvert works as local authorities can confirm the 
requirements for work within a flood management plan without the need for Scottish 
Government approval. Under the CAR, culverting of a watercourse is considered a 
controlled activity and authorisation must be obtained from SEPA for all such works. 
 In England and Wales, the Flood and Water Management Act (TSO, 2010), which was 
passed in 2010, should result in a more integrated approach to flood management 
between Local Authorities, water boards and drainage companies.  It strengthens the 
consent requirements for culverts by allowing existing culverts to be designated as flood 
management assets which require consent before they can be modified or removed. In 
addition consent is now required for all new culverts.  
The continued implementation of aspects of the WFD will have an impact on culverting 
through the requirement to maintain or improve the ecological status of watercourses. 
Under the WFD Annex II (Article 4(3)), culverted watercourses are designated ‗Heavily 
Modified Water Bodies (HMWB)‘ because they have been substantially changed in 
character as a result of human activity. The Directive requires that culverted 
watercourses, along with other HMWBs, meet the lower standard of ‗Good Ecological 
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Potential‘ rather than the higher standard, for other water bodies, of ‗Good Ecological 
Status‘.  Annex V of the WFD details the requirements for each status. 
The legal requirements regarding the disposal of debris removed from culverts or trash 
screens varies across countries within the UK but generally a license is required in order 
to remove or transport the debris. Within Scotland the routine disposal of debris from 
culverts and any associated screens is covered by the rules of the CAR. In addition all 
maintenance operations within the UK may have obligations under the appropriate 
Construction (Design and Management) Regulations and Confined Spaces Regulations. 
 
1.4.4. Changes in flood management practice 
Over time the approach to flood management has changed. An initial focus on land 
drainage and flood defence throughout the 1950s, 60s and 70s moved towards a flood 
control approach and then to flood management in the 1980s and 90s (Floodsite, 2009). 
All these approaches had a strong focus on engineering measures. Now a more 
integrated flood risk management approach is being taken with the aim of balancing the 
reduction of the consequences of floods against other considerations. For example, 
natural flood management (NFM), defined by POST (2011) as ―the alteration, 
restoration or use of landscape features to reduce flood risk‖ is now being promoted as a 
cost-effective catchment scale approach to managing flood risk. One NFM strategy is to 
slow the passage of water through planting riverbank or floodplain woodland. In 
addition, overland flow paths may be reduced through the use of grass or tree buffer 
strips. Although both these strategies may have a positive effect on peak flood rates they 
may also contribute to heavy debris load in the watercourse, particularly during storm 
events, which could result in increasing blockage risk at downstream culverts.    
 
1.5. International Approaches to Flood Risk at Culverts 
Flood risk associated with culverts is not just a problem within the UK and a number of 
other countries are adopting strategies to control culvert installation and reduce any 
associated risks relating to changed hydraulic conditions or potential blockage. 
For example, within the United States of America (USA), the Federal Highways 
Administration (FHWA) has recently produced an updated version of their culvert 
design guide (Schall et al., 2012). This third edition brings together all information 
Chapter 1 Introduction 
14 
 
relating to culvert design into a single publication including consideration of animal and 
fish passage; details of culvert assessment, repair and rehabilitation, and information 
about available software packages. This national guideline is supported by a document 
detailing approaches to debris control at culverts and bridges (Bradley et al., 2005) and 
a number of state and region specific guides (e.g. AMEC, 2008; TxDOT, 2012).  
A national guideline document, Australian Rainfall and Runoff (AR&R), is published 
by Engineers Australia (Pilgrim, 1987).  As part of the Council of Australian 
Governments National Climate Change Adaptation Framework a number of projects 
have recently been undertaken to provide information to allow updating of AR&R, one 
of which, Project 11, considered blockage at hydraulic structures (Weeks et al., 2012).  
Within New Zealand, requirements for culvert installation vary across the country and a 
number of regions have produced standards and guidelines relating to the installation of 
culverts and any associated debris control (e.g. Stevenson et al., 2008). In addition the 
Ministry for the Environment has developed some general guidelines (e.g. Ministry for 
the Environment, 2004). 
 
1.6. Aims and Objectives of this Research 
The work presented in this thesis focuses on one potential flood risk; that associated 
with flooding at culvert inlet screens when they become blocked by a build up of debris.  
The research outlined in the following chapters set out to determine, using an 
experimental approach, if aspects of trash screen geometry and location had an 
influence on potential blockage by debris. The research aims to define blockage 
potential at a culvert inlet trash screen in relation to a number of screen configuration 
elements.  
This aim was supported by four main objectives.  
1. To develop a robust physical model that would allow investigation of individual 
trash screen configuration elements  
2. To use the constructed model to undertake comprehensive testing to identify 
which structural elements had an influence on blockage potential 
3. To use the gathered data to develop an empirical relationship that defines 
blockage potential in terms of the influencing components 
4. To assess the impact of the findings on current screen design guidelines 
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1.7. Thesis Layout 
This thesis documents the experimental analysis of the influence of trash screen 
configuration on blockage and details the development of an empirical relationship that 
defines blockage potential in relation to a range of screen configuration elements.  
Chapter 1 has introduced the scope and background of the research area and 
summarised the main aims and objectives of this project. 
Chapter 2 gives details of culvert and trash screen design options and provides an 
overview of the hydraulic conditions that need to be considered where culverts and trash 
screens are installed. It reviews existing design and implementation guidelines and 
standards for culverts and trash screens and considers what may be required to enhance 
these recommendations. 
Chapter 3 covers sources of debris, methods of debris transport and accumulation and 
the impacts of debris blockage. It also considers existing methods of debris control at 
structures within watercourses. Finally, it reviews available research relating to the 
debris control performance of trash screens and identifies the need for further studies. 
Chapter 4 briefly looks at the use of modelling in hydraulic research and details the 
approach selected. A description of the experimental set up is provided along with 
details of the testing methodology and a discussion of the limitations and potential 
errors. 
Chapter 5 describes the extensive experimental programme undertaken to assess the 
influence of a number of aspects of screen geometry and position on debris blockage 
potential. The results obtained during testing are detailed, analysed and discussed. 
Chapter 6 describes the development of a best fit empirical model defining blockage 
potential in relation to individual influencing elements. It then discusses the 
development of a simplified linear model that can be used to predict potential blockage 
for input parameters out-with the tested range. The use of the simplified model in two 
end user focused tools, a nomograph and an interactive spreadsheet, is then outlined. 
Chapter 7 summarises the analysis undertaken during this research and highlights the 
main conclusions drawn from this project and their implications for future trash screen 




2. Culvert and Trash Screen Design and Hydraulics 
2.1. Introduction 
This chapter introduces the use and structure of culverts and trash screens and provides 
the theoretical background and equations that define the hydraulic conditions relevant to 
culvert installations. A number of possible design options are reviewed. Key issues that 
must be taken into consideration when designing culvert and trash screen installations 
including current policies, guidelines and recommendations are discussed.   
  
2.2. Culverted Waterways 
Culverts are covered artificial channels or pipelines that carry a watercourse under an 
obstruction such as a road, railway or an area of developed land. They may also be used 
to manage flood flows adjacent to developments where the natural channel is considered 
inadequate.  They are one of the most common forms of drainage structure and are 
widely used throughout the world.  They vary considerably in size and design, from 
narrow pipes through to large square sided channels.  There is no clear definition of 
what constitutes a culvert but the following characteristics are common to most 
(Balkham et al., 2010): 
 The length in the direction of flow is significantly greater than the width of 
  the culvert 
 The base of the watercourse through the culvert is part of the structure of  
 the culvert  
 A culvert will generally be capable of flowing full under flood conditions   
 A culvert is generally more prone to obstruction by debris than a bridge  
Once a culvert is installed, if flood flows increase due to climate change or upstream 
land-use development, it is very difficult to change the capacity without significant re-
engineering.  The latest UK culvert design and operation guide published by the 
Construction Industry Research and Information Association (CIRIA) encourages 
designers to consider options other than culverts where a practical alternative exists 
(Balkham et al., 2010).  
 
 




The installation of new culverts is discouraged for a number of reasons which include: 
 Potential raised water levels upstream and a higher flood risk 
 Potential negative impact on the river environment 
 A greater risk of blockage than with an open channel which increases the  
 flood risk 
 Increased health and safety risks when compared with an open channel 
 Increased complexity and costs for maintenance and repair 
Alternatives to a installing a new culvert may include: 
 Redesigning to avoid the need to cross a watercourse 
 Using a different crossing approach such as a bridge or ford 
 Diverting the watercourse 
Where culverts are already in place, removal and channel restoration, often referred to 
as 'Daylighting', is an option.  Daylighting offers an alternative to replacing existing 
culverts with larger capacity ones as well as potentially providing multiple benefits to 
society (e.g. provision of recreational areas and opportunity for community 
involvement), the economy (e.g. revenue generated from recreation, reduced 
maintenance requirements) and the environment (e.g. improved ecological habitat and 
improved air and water quality). Consideration of potential benefits of daylighted 
culverts for society is in keeping with the Ecosystems Services approach currently 
becoming established within the UK (Haines-Young & Potschin, 2008). This approach 
was defined by Smith and Maltby (2003) as ―... a strategy for the integrated 
management of land, water and living resources that promotes conservation and 
sustainable use in an equitable way‖. Ecosystem services were defined by the 
Millennium Ecosystem Assessment (2005) as the benefits people gain from ecosystems.  
Daylighting projects can vary from the simple task of removing the culvert roof and 
retaining the rest of the structure and the natural bed material, to major reconstruction 
work including soft-bioengineering measures and river restoration techniques (Wild et 
al., 2011). An example of a simple approach to daylighting is shown in Figure 2.1 
where a daylighted street stream along a downtown residential street in Nebelbach, 
Zurich was completed in 1991. An example of daylighting undertaken as part of a more 
extensive flood alleviation project was undertaken in Lewisham, London in 2003/4 and 
combined flood risk management with a strategy for river restoration. In this project a 




new 'low-flow' meandering channel was cut through Sutcliffe Park in Lewisham, 
London, following the original alignment of the River Quaggy (Figure 2.2). The 
existing culvert was not removed and flow is now regulated between the open and 
culverted watercourses by a sluice allowing the culvert to operate as a flood control 
measure (River Restoration Centre, 2012).  
 
 




Figure 2.2   Sutcliffe Park after River Quarry restoration. A network of boardwalks, 
pathways and viewing points were designed to encourage access to the river and ponds 
(River Restoration Centre, 2012) 
 




However, despite these recommendations, at times culverts provide the only practical 
solution. As a result there is a need to ensure their design, installation and maintenance 
has limited impact on the environment, optimises their operation, readily facilitates 
maintenance, and minimises any potential increase in flood risk. To achieve this there is 
a need to understand the impact of design and installation of both the culvert and any 
associated screens on local hydraulics including the potential causes and effects of 
blockage. 
 
2.3. General Culvert Design   
2.3.1. Overview 
A considerable amount of information is available regarding the design of culvert 
structures (e.g. Dasika, 1995; Montes, 1997; Hager & Del Giudice, 1998; Johnson & 
Brown, 2000; Balkam et al., 2010). While these tend to focus on ensuring adequate 
capacity, appropriate flow control, and sufficient load bearing, a number of them also 
offer guidelines for other factors that may need to be reviewed before installing a 
culvert. 
A number of different areas need to be considered when designing culverts: 
 Engineering aspects including flood capacity; headwater (HW), tailwater (TW) 
and velocity limitations; storage requirements; buoyancy protection; structural 
load requirements 
 Site criteria including location; upstream and downstream reach length and slope; 
requirements for debris and siltation control; culvert alignment 
 Inlet structure 
 Outlet structure 
 Erosion and sedimentation control 
 Safety requirements 
 Environmental implications 









2.3.2. Engineering aspects 
Design flow 
Generally in urban areas, the recommended design flow for culvert installations is for 
flow with an estimated one percent chance of being exceeded in any one year (i.e. the 
100-year flow).  In Scotland the 0.5 per cent (i.e. 200-year flow) is recommended. In 
other areas such as agricultural areas a lower design standard such as a 10 percent (10-
year flood may be acceptable (Balkham et al., 2010). An additional allowance is 
recommended to take account of the possible impacts of climate change which will vary 
depending on the individual structure, but a design flow that is 20 per cent higher than 
the basic calculated design flow is normally recommended (DEFRA, 2006).  
As well as considering potential flow volumes, both minimum and maximum velocities 
should be considered when designing a culvert.  There needs to be a balance between 
maintaining flow rates low enough to minimise scour and ensuring rates are high 
enough to prevent siltation. The maximum velocity should also be consistent with 
channel stability requirements at the culvert outlet. Working within these limits the 
resulting velocities must fall within ranges compatible with any requirements for fish 
passage at the site. 
 
Water Levels 
Culvert performance is likely to be affected by the downstream water surface elevation. 
Therefore, conditions which might promote high TW elevations during flood events 
need to be assessed during the design stage. Downstream obstructions, channel 
constrictions, tidal effects, junctions with other watercourses and the impacts of any 
natural flood management techniques applied in the catchment should be investigated to 
assess their potential impact. 
 
Buoyancy 
The buoyancy of the culvert barrel may be an issue particularly for flexible culverts. 
Uplift caused by water in or around a culvert may cause the outlet or inlet ends of the 
barrel to rise and bend. Under some circumstances, the uplift force may be great enough 
to dislodge the embankment. As a consequence, the use of headwalls, end walls, sloped 
paving, or other means of anchoring may need to be considered. Buoyancy is more 




likely to be a significant problem where the culvert slope is steep, the potential HW is 
deep (debris blockage may increase headwater), the upstream fill slope is flat, or where 
there are large culvert skews or the inlet has mitred ends. 
 
Load 
As well as potential buoyancy issues due to the water, water contributes to the overall 
load on the culvert. Loads affecting culvert design include the culvert weight, fluid 
loads, earth and pavement loads, and the weight and impact of surface vehicles or 
structures. A failure to assess potential loads during the design phase and design the 
culvert appropriately may result in the culvert structure collapsing under the load 
resulting in damage to the culvert itself and potentially also the surrounding area. 
 
2.3.3. Site criteria 
Location in channel 
Not all locations along a watercourse are suitable for culvert placement. Selection of an 
appropriate location can reduce the impact of the river crossing on the environment, 
minimise the risk of damage to the crossing structure itself, and limit future 
maintenance costs (SEPA, 2008). It is recommended that culvert construction in 
locations where channel lateral migration likely to be rapid, such as at the apex of active 
meanders (Figure 2.3) should be avoided. In addition, areas of known sediment 
deposition (Figure 2.4) should be avoided as accumulation at the structure will reduce 
flow capacity (SEPA, 2010) 
If the culvert becomes blocked the watercourse will find an alternative route so some 
consideration of the potential for flow along the surrounding area needs to be 
considered. Any alternative paths may be limited by factors including the height of 
upstream or downstream banks, access requirements and safety risks. 









Figure 2.4   Actively eroding areas are not suitable areas for crossings (SEPA, 2010) 
 
Local topography 
Where possible the culvert length and slope should follow the contours of the existing 
topography, with the culvert invert aligned with the channel bottom and the skew angle 
of the stream and the culvert entrance matching the geometry of the embankment. 
To minimise head losses and erosion the culvert barrel should follow the natural 
alignment and gradient of the watercourse. A straight culvert alignment is desirable to 
avoid blockage, and may also reduce construction costs, and maximise hydraulic 
efficiency. An example of the benefits of considering appropriate culvert alignment can 
be found in the successful installation of recent culverts by the Maryland State Highway 
Administration (Kosicki & Davis, 2001) who recently initiated new design procedures 
to limit the impact of constructing culverts in streams. Their new procedures included 
training of engineers in basic and advanced courses in stream morphology. However, 
straight culverts are not always an economical or practical option.  Culverts may be 




required that bend either vertically or horizontally. Culverts that have one or more 
changes in slope within the barrel are commonly referred to as broken-back culverts 
(Figure 2.5).  
 
(a)    (b)  
Figure 2.5 Broken back culverts (a) single break (b) double break (Aquaveo, 2012) 
 
One section of a broken-back culvert is usually steep which can result in damaging high 
outlet velocities and the water velocity in the flatter run out section is usually 
supercritical. The velocity can be reduced by energy dissipation devices or ensuring a 
hydraulic jump forms within the barrel upstream from the culvert outlet although the 
precise locating of a hydraulic jump can be difficult to ensure (Hotchkiss et al., 2003). 
Horizontal bends may be used to avoid obstacles or realign the flow but, if a non-linear 
arrangement is required, particular attention should be given to maintenance access and 
erosion, sedimentation, and debris control. Examples of different alignment options for 
culverts are shown in Figures 2.6 and 2.7.  
 
 
Figure 2.6 Changing the watercourse slope can increase the chance of blockage              
(adapted from FCSCP, 2002 p243) 
 





Figure 2.7 Aligning the culvert at an angle to the watercourse can increase the                    
chance of blockage (adapted from FCSCP, 2002 p243) 
 
Site development 
When considering future needs any infrastructure developments must be considered 
especially in growing urban areas as developments such as road widening will have an 
impact. As well as restricting the length of new culverts, existing culverts should not be 
extended without a hydraulic assessment to investigate any potential change in capacity 
that may occur. 
 
2.3.4. Inlet structure 
Overview 
The design of the inlet structure is a fundamental part of the culvert design as both 
hydraulic efficiency and cost can be significantly affected by inlet conditions. In 
addition, minor changes to the geometry of the inlet can have significant impacts upon 
the hydraulic efficiency of the culvert (Sterling Jones et al., 2006;  Kells, 2008).  
The culvert inlet forms the transition from the channel into the culvert barrel. Since the 
natural channel is usually wider than the culvert barrel, a flow contraction occurs at the 
inlet edge and this may be the primary flow control. The provision of a more gradual 
flow transition will lessen the energy loss and create a more hydraulically efficient inlet 
condition. 
Many different inlet configurations can be used. These include both prefabricated and 
constructed-in-place installations. Commonly used inlet configurations include 
projecting culvert barrels (Figure 2.8), cast-in-place concrete headwalls, gabion or brick  
headwalls (Figure 2.9), pre-cast or prefabricated end sections (Figure 2.10), and culvert 
ends mitred to conform to the fill slope (Figure 2.10b). 
 





Figure 2.8 Culvert inlet with projecting barrel 
 
(a)   (b)  
Figure 2.9 Culvert inlet with (a) brick and (b) Gabion head walls  
 
(a)   (b)   
Figure 2.10 Prefabricated culvert inlets (a) vertical head wall  (b) mitred to match fill 
slope  
 
Headwalls and wingwalls 
Constriction of the natural channel at a culvert inlet forces the flow through a reduced 
opening. As a result of this contraction, vortices and areas of high velocity flow may 
scour away the embankment adjacent to the culvert. In some cases, a scour hole may 




also form upstream of the culvert floor due to acceleration of flow as it enters the 
culvert. The use of headwalls, wingwalls, and aprons will help to protect the slopes and 
channel bed at the culvert inlet. 
Headwalls may be used for a variety of reasons: 
 To increase the efficiency of the inlet 
 To provide embankment stability 
 To provide embankment protection against erosion 
 To provide protection from buoyancy 
 To shorten the length of the required structure 
Wingwalls are generally used where the side slopes of the channel adjacent to the 
entrance are unstable, or where the culvert is skewed to the normal channel flow. 
Wingwalls can also be used to gain a hydraulic advantage for box culverts by 
maintaining the approach velocity and alignment, and improving the inlet edge 
configuration (e.g. Normann et al., 2001). However, their major advantage is in 
eliminating erosion around a headwall.  
If high HW depths are likely, or the approach velocity in the channel is high enough to 




Side-tapered and slope-tapered inlets may reduce the flow contraction. In addition, 
depressed inlets, such as slope-tapered inlets, increase the effective head on the flow 
control section, thereby potentially further increasing culvert efficiency. 
Inlet performance can also be improved through the use of bevelled edges at the 
entrance of the culvert (Figure 2.11). Bevelled edges reduce the contraction of the flow 
by effectively enlarging the face of the culvert. 
 





Figure 2.11 Entrance contraction (schematic) (Schall et al., 2008). 
 
Debris control devices 
Many culverts function adequately without the need for debris control. However debris 
control at the inlet should be considered for the following conditions: 
 The watercourse is expected to transport a heavy volume of debris 
 The culvert is located in a steep region 
 The culverts is located under a high fill 
 Access for clearance is limited 
 
The EA (2009) discourage the use of screens for debris control unless the benefits are 
significant. They recommend that other options should always be considered and, under 
the Water Resources Act 1991 and the Land Drainage Act 1991, require that approval is 
sought and where necessary a formal consent given before a screen is installed in a 
watercourse. SEPA require that where ―...screens are fitted on the inlet or outlet of the 
culvert, these must be designed so that there is at least 230mm of space between the 
bars of the screen or fence, up to the high water level‖ (SEPA, 2005). 
Alternatives to the installation of a trash screen include looking at ways of reducing the 
debris load in the watercourse, for example by changes to land management practices 
and discouraging illegal dumping. Methods of debris control are discussed further in 
Chapter 3.  
 




2.3.5. Culvert body 
Barrel shape and size 
The most commonly used culvert shapes include circular, box (rectangular), elliptical, 
pipe-arch, and arch (Table 2.1).  
 
Table 2.1 Culvert barrel shapes (adapted from TSO, 2004) 

























Complex, non standard 
 
In situ concrete 
Pre-cast concrete with additions 
 
The shape selection is normally based on the cost of construction, design limitations 
such as upstream water surface elevation or embankment height, cover above and below 
the barrel and the required hydraulic and structural performance. For example, multiple 
barrel constructions may be used where embankment or roadway levels are too low to 
allow a single barrel large enough to handle the expected flow.  Multiple barrels may 
also be used to offer secondary flow paths under high flow conditions (Figure 2.12).  
 






            (b)  
Figure 2.12 Double barrel culvert at Cameron Toll shopping centre in Edinburgh 
 
The length of a culvert influences its capacity when operating under outlet control and it 
is therefore recommended that the length should be kept to the minimum required to 
meet current and expected future needs. In addition, safety and maintenance 
requirements may influence the selection. For example, within the UK current 
guidelines for the design of highway culverts (TSO, 2004) recommend that where a 




culvert is longer than 12m it should be a minimum of 1.2m in diameter to facilitate 
access for maintenance. 
The culvert body can influence the potential for blockage by debris. The dominant 
factor in determining the degree of blockage is the size of the structure's clear opening. 
Rigby et al. (2002), after investigations of culvert blockage during large storms, 
concluded that culvert or bridge openings greater than about 6 m are likely to only 
partially block if they block at all; while culverts with openings of  less than about 6m 
exhibit a full range of blockage from partial to complete. 
 
Barrel material 
The longevity of the culvert barrel is an important design consideration. At most 
locations, commonly used culvert materials are very durable. However, there are 
environmental conditions which will deteriorate all culvert materials. The two major 
problems affecting the longevity of culvert barrels are abrasion and corrosion (Figure 
2.13).  
 
(a)  (b)  
Figure 2.13 (a) Corroded metal culvert in Eastern Ontario (Moore, 2008)  (b) Corroded 
culvert along I-70, Colorado (Molinas & Mommandi, 2009) 
     
Abrasion is the result of erosion of culvert material due to the natural movement of 
sediment bedload in the watercourse. Both metal and concrete culverts may also be 
subject to corrosion. Metal culverts are affected by acidic and alkaline conditions that 
may occur in both the soil and water, and also by the soils electrical conductivity. 
Concrete culverts are sensitive to saltwater environments and may react to sulphates and 
carbonates within the soil. They may also be affected by sulphuric acid resulting from 




the combining of water and sulphur dioxide produced by anaerobic bacteria, particularly 
where the culvert soffit is buried beneath the stream bed. Selection of the most 
appropriate material for the surrounding environment can prolong the culverts 
functional life. 
In addition to the requirement for corrosion and abrasion resistance, the selection of a 
culvert material may depend upon structural strength, hydraulic roughness and 
durability. The three most common culvert materials are concrete, non-reinforced 
corrugated aluminium, and corrugated steel. Culverts may also be lined with other 
materials to inhibit corrosion and abrasion, or to reduce hydraulic resistance. For 
example, corrugated metal culverts may be lined with asphaltic concrete. 
 
2.3.6. Outlet structure 
The culvert outlet forms the transition between the culvert barrel and the downstream 
channel. Culvert outlets are commonly subject to scour. Scour at a culvert outlet can be 
classified into two separate types: local scour and general stream degradation (Normann 
et al., 2001). Both types of scour can occur simultaneously at a culvert outlet. Local 
scour is typified by a scour hole produced at the culvert outlet (e.g. Figure 2.14).  This is 
the result of high exit velocities, and the effects generally extend only a limited distance 
downstream. Material scoured from the hole is deposited immediately downstream, and 
may result in the formation of a low bar. The scour hole is generally deepest during 
periods of high flow.  
 
(a)   (b)   
Figure 2.14 High-velocity discharge from undersized culverts causes downstream                    
scour. (a) Culvert was placed at grade in 1979. (b) By 1998, undersized culvert had caused 
over 1 foot of downstream scour (FSSSWG, 2008). 
 




General stream degradation is the result of natural causes producing a lowering of the 
stream bed over time and is independent of culvert efficiency. Protection against scour 
at culvert outlets varies from limited riprap placement to complex and expensive energy 
dissipation devices such as hydraulic jump basins, impact basins, drop structures, and 
stilling wells. 
 
2.3.7. Erosion and sedimentation control 
Culverts may create or exacerbate bank and bed erosion and/or promote sediment 
deposition. This is due to an alteration of the normal watercourse water velocities and 
disruption to the natural transport of sediment. If the armour layer on the river bed is 
damaged by bed scour at the culvert inlet or outlet, softer underlying sediment may 
erode, leading to major damage. This destroys the immediate habitat and also increases 
the amount of fine sediment transported downstream. This sediment can smother 
habitats important for fish spawning, aquatic invertebrates and aquatic plants. Sediment 
may also be deposited at bridges and culverts causing damage to the structure and 
increasing local flood risk. This leads to the need for regular dredging at the structure, 
which can have impacts on the ecology and water quality of the river. 
The most common culverts to experience sedimentation problems within the culvert 
barrel are multi-barrel installations. In multi-barrel constructions commonly one or 
more of the barrels will have a tendency to accumulate sediment, especially during 
periods of low flow. However, self-cleaning can occur during periods of high discharge. 
To help prevent blockage from siltation, all but one of the multiple pipes may be placed 
higher than the others. This allows the lower pipe to maintain cleaning velocities, and 
the higher pipes help provide flow capacity for major storms.  
Erosion provides an input of coarse sediment from the bed and banks. This may have an 
impact downstream raising the level of the bed therefore reducing the capacity of the 
channel. Localised erosion around the culvert itself can lead to the structure being 









2.3.8. Safety requirements 
The primary safety considerations in the design and construction of a culvert are its 
structural and hydraulic adequacy. A well designed and maintained culvert should not 
present a significantly greater risk to health and safety than the open watercourse it 
replaces. Additional safety considerations include traffic safety and public safety. 
The entrance to a culvert is generally thought to be a significant hazard. Most often the 
risk is thought to be to children who choose to enter the culvert (Figure 2.15) and risk 
injury or death by drowning.  
 
   
Figure 2.15 Potential safety issues with children gaining access to culverts 
 
There is also the risk that someone may fall into the watercourse in a flood, be swept 
into the culvert, and be drowned. However, within the UK the probability of death by 
drowning is small: based on drowning figures up to 2002 the Royal Society for the 
Prevention of Accidents (RoSPA) estimates the risk to be 0.76 per 100,000 of the 
population (RoSPA, 2002). As an example, 427 cases of accidental drowning were 
recorded within in the UK in 2002, 167 of these occurred in rivers or streams (RoSPA, 
2002) and in 2003, 144 of the 381 reported deaths caused by drowning occurred in 
rivers and streams (EA, 2009). While there is no record of whether any of these cases 
involved drainage structures, as noted in Section 1.2, the Pitt review (Pitt, 2008) reports 
one death directly resulting from entrapment in a flooded drain and a death was 




recorded in 2011 as being the direct result of a member of the public attempting to clear 
a blocked culvert during a flood (Freuchie Flood Action Group, 2011).          
As well as the risk of death or injury as a result of a person entering a culvert, either 
voluntarily or as a result of being swept in during a flood, other hazards are associated 
with culverts including flooding resulting from blockage of the culvert by debris and 
damage to the interior of a culvert or the services it contains. Additional hazards may be 
present where debris screens have been installed. These include flooding resulting from 
debris accumulation on the screen, injury to persons maintaining and cleaning the 
screens, environmental degradation, structural failure, and restricted emergency access. 
A number of mitigation measures may be considered to reduce these hazards. Where 
entry into the culvert is considered unsafe then the use of signs, fencing, shrub planting 
and/or screens at the inlet and/or outlet need to be considered. Although they may be 
required for safety, screens promote debris build-up and the subsequent reduction of 
hydraulic performance and so should only be used where fencing or alternative methods 
of preventing access are not appropriate. While the design of security screens are similar 
to the debris screens discussed in Section 2.4, the main design focus is on screen bar 
spacing to ensure access is restricted. Maintenance of safety screens once they are 
installed is essential if they are to continue to prevent access as damaged or badly fitting 
screens may not prevent access (Figure 2.16). 
 
    
Figure 2.16 Poorly maintained security screens do not always prevent access to culverts 
(Martinson, 2010) 
 
Safety screens can also be a danger under flood conditions if there is a risk of someone 
falling into a watercourse and being swept into the structure and pinned against it by 
rising flood waters. Only limited literature is available detailing the most appropriate 




design for safety screens. Engel and Lau (1981), cited in Weisman (1989), state the 
requirement to ensure that while the screen must fully meet its purpose of preventing 
access, it also needs to be oriented and positioned to allow someone to climb out of the 
water if they get swept onto it. They suggest that to accomplish this, the grating must 
begin upstream of the region of rapid acceleration of flow into the culvert and 
recommend a parabolic curved screen. While these recommendations were based on 
research looking at only a limited number of specific sites, a further  study looking at 
the use of a parabolic safety screen in Albuquerque, New Mexico (Allred-Coonrod, 
1994) also found that a parabolic screen was an appropriate shape and in addition 
suggested the screen should be designed to ensure a hydraulic jump occurred at the 
screen to aid in sliding a body upwards to safety.  
The fundamental key to safety is the correct design and installation of the culvert and a 
number of different factors should be considered at the design stage including culvert 
length and orientation, location and accessibility, slope, flow conditions and any flash 
flood risks, barrel size, invert materials and the potential for noxious gases in confined 
spaces. 
 
2.3.9. Environmental implications 
Overview 
Culverting may result in significant effects on environmental features and wildlife 
habitats.  The linear nature of a watercourse may be altered stopping species from 
spreading naturally (CIWEM, 2010). In addition the presence of a culvert may result in 
a modified substrate, altered flow, and reduced algal and plant growth as well as 
isolating the culverted portion of the stream from the surrounding environment 
(Macdonald & Davies, 2007).  
 
Pollution 
SEPA (2005) notes that culverted urban watercourses are often highly polluted due to 
problems with incorrectly connected foul sewers, overflow from blocked sewers, or 
runoff from contaminated surfaces or areas of contaminated surface water. In addition, 
culverted sections can create serious access difficulties which limit effective pollution 
control. 




 Impact on fish migration 
At some culvert locations, the need to accommodate migrating fish is a fundamental 
design consideration.  The installation may affect fish passage due to a number of 
reasons including: 
 Reduced light in long culverts 
 Increased flow velocity through a culvert  
 Vertical jumps and drops 
 Too shallow flows  
 Absence of resting places 
A complete barrier can lead to loss of migratory fish upstream which may ultimately 
lead to a decline in populations throughout the river system. In a recent study, Nislow et 
al. (2011) note that that ―Stream sections located above predicated impassable culverts 
had fewer than half the number of species and less than half the total fish abundance, 
while stream sections above and below passable culverts had essentially equivalent 
richness and abundance‖. For example, in 1996 the River Tweed Foundation identified 
1000 culverts in the River Tweed catchment which were impassable to fish on 
watercourses otherwise capable of supporting salmonid species (SEPA, 2005). Another 
example is the vertical discontinuity caused by the installation of a culvert in the Boise 
National Forest which prevents migration of Kokanee salmon (FSSSWG, 2008) (Figure 
2.17). 
 
Figure 2.17 Culvert in the Boise National Forest prevents migration of Kokanee Salmon 
(FSSSWG, 2008) 
  




A number of measures can be taken to minimize the impact on fish passage. Ensuring 
the culvert base is below the natural bed level will allow a natural bed to be maintained 
during low flows. Maintaining the natural bed level will also help retain the natural 
slope. Where possible the culvert should also maintain the natural channel width, to 
minimise the risk of erosion. The culvert installation should ensure natural low flow 
depths are preserved and the water velocities and depths in the culvert under different 
flow conditions need to be adequate for fish passage. The use of multiple small barrel 
culverts should be restricted as fish can be discouraged from entering small size 
diameter openings. For longer culverts or culverts where depth/velocity is an issue 
baffles can provide the necessary resting places required for fish passage (Figure 2.18). 
 
 
Figure 2.18 Culvert next to Redford Road, Edinburgh showing environmental features 
 
Specific requirements will vary depending on the species of fish. The Scottish 
Executive (2000), in a consultation paper, provides design guidelines for facilitating fish 
passage in river crossings but a major problem is the limited knowledge of the 
capabilities of many species of fish and other organisms that migrate through the river 
network. Species, and different life stages within species, can move at different times of 
the year and during different flow conditions. The variability means that designing 
culverts to meet specific depth, velocity, and turbulence requirements for multiple 
species during all flow conditions is not a practical option. 
 




The additional impact caused by adding a debris screen at the inlet is uncertain. 
According to the EA (2009) the installation of a trash screen is only likely to impact on 
the migration of mature salmon species, other fish species are unlikely to be affected by 
bars with a minimum clear spacing of 140mm. However SEPA (2008) recommend a 
minimum spacing of 230mm between bars where fish passage is an issue. 
 
Impact on mammal habitats 
A number of priority species identified by the UK Biodiversity Action Plan (UKBAP), 
such as otters and voles, depend on good quality river corridor habitats (HMSO, 1994). 
As well as impacting on fish lifecycles, culverts that do not maintain the riparian 
corridor can create barriers for mammals, restricting access to feeding grounds and 
limiting the opportunity to establish new populations. For example according to SEPA 
(2008) road accidents are one of the major causes of otter death in Scotland. A 
significant contributing factor is thought to be that where no facilities for mammal 
passage have been provided the high water velocities in culverts during spate conditions 
mean they cannot swim through road crossing structures and so they use the road – 
greatly increasing their chance of being killed. Current UK guidelines require mammal 
runs to be incorporated into culverts where the watercourse forms the natural passage 
across a road (TSO, 2004). Figure 2.18 shows an example of a recent culvert installation 
that includes a mammal run. Where mammal passage is facilitated, drainage culverts 
can be beneficial by mitigating any potentially harmful effects of busy transport 
corridors by providing a vital habitat linkage (Yanes et al., 1995; Clevenger et al., 2001; 
Dodd Jr. et al., 2004; Rees et al., 2009). In a study of the use of culverted road crossings 
in Maryland, USA, 57 different species of animal were found to make use of the culvert 
as a crossing in 265 culverts studied (Pelsinsky, 2012) (Figure 2.19).  
 
      
Figure 2.19 Mammals using culverts in Maryland, USA (Pelsinsky, 2012) 
 




Impact on access, recreation, amenity provision and environmental aesthetics 
Culverting generally leads to the loss of green amenity space along river banks and can 
reduce access for recreational opportunities such as fishing, walking or water sports.  
If there is no alternative to a culvert, the design of the structure should include 
consideration of aesthetic values and fit as naturally as possible into the existing 
environment. Debris screens when installed often have a stark visual appearance and 
may be considered out of place with the character of the local environment in certain 
settings. However, this does not always need to the case as designs can be made to 
either blend with the environment or to become a feature of it. For example, course 
debris catchers and a trash screen for smaller debris were installed as part of a £12 
million Cockshaw Burn Flood Relief scheme (Homes and Communities Agency, 2012). 
Rather than install standard control devices the EA worked alongside a local community 
partnership in Hexham to establish a public environmental artworks programme 
alongside the working flood defences. The project resulted in a well used walk, the 
‗Hexham Flood Trail‘, that is a significant community resource. A course debris trap 
has been created using stout oak pillars (Figure 2.20); while immediately downstream a 
trash screen is intended to catch smaller size debris (Figure 2.21).  
The accumulation of trash on screens tends to make it even less attractive, but this can 
be reduced by regular cleaning. The waste collected from the screens can present a 
further problem as it may need to be stored temporarily on site before being removed 
for disposal. If temporary storage is required consideration should be given to the visual 
and environmental impact of the storage area and any potential safety issues associated 
with storing the debris at the culvert site and its periodic collection and transportation. 
 
 





Figure 2.20 A course debris trap has been created as part of the Hexham flood defences 




Figure 2.21 A trash screen created as part of the Hexham flood defences by artist-










2.4. Water Flow in a Culverted Channel 
2.4.1. Overview of channel flow 
Flow along a watercourse may be described as open channel or pipe flow. Open channel 
flow occurs where there is a free surface at atmospheric pressure; pipe flow is the result 
of flow under pressure through a closed conduit. A number of different classifications 
have been made to distinguish flow types (e.g. Novak et al., 2001; Chadwick et al., 
2004; Mott, 2006). All these characterizations of flow depend on two main parameters: 
time and distance.  Flows are either steady (parameters not varying with time) or 
unsteady, and uniform (parameters not varying with distance) or non-uniform. 
The most commonly adopted classification follows that detailed by Chadwick et al. 
(2004) who suggest four flow types: 
 Steady uniform flow where discharge and depth are constant 
 Steady non-uniform flow where discharge is constant but the depth varies 
 Unsteady uniform flow where the discharge varies but the depth is constant 
 Unsteady non-uniform flow where both discharge and depth vary 
Open channel flow may be laminar or turbulent depending on the value of the Reynolds 
number (Re) which is defined in Equation 1 where V is the mean flow velocity (m/s), R 
is the hydraulic radius (m) and υ is the coefficient of kinematic viscosity(m2/s).   
 
 Re   
VR
υ
                                                                                                                  (1) 
 
Flow in an open channel is generally classed as laminar where Re is less than 500 and 
fully turbulent where Re is greater than 2000 although the limits are not as clear as 
those observed in pipe flow and values of greater than 1000 are often also considered to 
indicate turbulent flow. Flow in rivers and canals will be turbulent with unsteady flow 
in rivers and predominantly steady in canals (Novak et al., 2001). 
Three phases of flow can be identified: subcritical, critical and supercritical. Subcritical 
flow occurs when the flow velocity is less than ‗critical‘ and depth is deeper than 
critical depth. It generally occurs where the channel is shallow. Supercritical flow is 
characterised by high flow velocity and depths less than the critical depth.  It occurs 
where the bed slope is steep or where there is a rapid change from potential energy to 




kinetic energy. Subcritical flow can only move to supercritical flow through a smooth 
transition passing through the critical depth while supercritical flow can only return to 
subcritical flow through a hydraulic jump. The phases of flow can be identified using 
the associated Froude number (Fr) which can be defined for rectangular channels by the 
average flow velocity (V, m/s), and average cross sectional depth (d, m)(Equation 2). 
Flow is supercritical where Fr > 1, critical where Fr = 1 and subcritical where Fr < 1. 
 
Fr   
V
 gd
                                                                                                                           (2) 
 
For a rectangular channel the critical depth (dc, m) can be defined in terms of discharge 
(Q, m
3
/s) and free surface width (B, m) (Equation 3).  
 




                                                                                                        (3) 
 
The specific energy of the flow (E) can be expressed in terms of the depth (d, m) and 
velocity (V, m/s) (Equation 4). In rivers and canals the flow is generally subcritical.  
 
        
  
2 
                                                                                                          (4) 
 
2.4.2. Flow within a culvert 
A number of different factors may affect the flow of water through a culvert: 
 The size of the culvert 




 TW. The TW depth usually depends on the size, shape, slope and 
  resistance to flow or roughness of the stream  




Novak et al. (2001) suggest two main groups to describe the flow (Table 2.2): entrance 
submerged and free flow at entrance. Each of these groups is then split further 
depending on a number of factors including exit condition, culvert length, flow within 
culvert barrel, and slope. Balkham et al. (2010) split the flow initially into two groups: 
inlet control and outlet control. They then further divide the flow into free flow, full 
flow and overtopping flow.  
 





Flow Length Slope Control Remarks 
> 1 Submerged Submerged Full Any Any Outlet Pipe Flow 
> 1.2 Submerged Free Full Long Any Outlet Pipe Flow 
> 1.2 Submerged Free Part 
Full 
Short Any Outlet Orifice 




Any Mild Outlet Subcritical 




Any Mild Outlet Subcritical 




Any Steep Inlet Supercritical 








2.5. Culvert Flow Control 
2.5.1. Overview 
A control point occurs where there is a defined relationship between the flow rate at any 
point and the upstream water surface elevation. At any given time the flow within the 
culvert will be determined by the inlet geometry (inlet control) or by a combination of 
the inlet and barrel geometry and the TW depth (outlet control). Any one culvert may 
switch between inlet and outlet control as a result of changes to discharge, capacity and 
downstream conditions. This may cause relatively sudden rises in HW. 




2.5.2. Inlet control 
For inlet control, the control point is at the entrance to the culvert (Figure 2.22).  The 
entrance characteristics of the culvert are such that entrance headlosses are predominant 
in determining the HW of the culvert. Water is carried through the culvert barrel more 
efficiently than the water enters the culvert. The culvert performance is influenced by 
both the headwater and the inlet configuration. The flow passes through critical depth 
near the inlet and becomes supercritical in the culvert barrel. Depending on the TW, a 
hydraulic jump may occur downstream of the inlet.  The type of flow under inlet control 
depends on the degree of submergence of the inlet and outlet ends of the culvert. Figure 




Figure 2.22 Inlet control (EA, 2010, Chapter 7) 
 
2.5.3. Outlet control 
Factors influencing the performance of a culvert under inlet control also influence 
culverts in outlet control. In addition, barrel characteristics (roughness, area, shape, 
length, and slope) and TW elevation affect culvert performance in outlet control. The 
headlosses due to TW and barrel friction are predominant in controlling the HW of the 
culvert. The entrance allows water to enter the culvert faster than the backwater effects 
of the TW and barrel friction will allow it to flow through the culvert. Figure 2.24 
shows examples of flow under outlet control. 
 







a)  Neither end of the culvert is submerged. The flow passes through critical depth just 
downstream of the culvert entrance and the flow in the barrel is supercritical. The barrel 
flows partly full over its length, and the flow approaches normal depth at the outlet end.  
 
 





c) The inlet is submerged with free flow at the outlet. Flow is supercritical and the barrel flows 
partly full over its length. Critical depth is located just downstream of the culvert entrance 




d) Submergence of both inlet and outlet with the formation of a hydraulic jump in the barrel. 
The drain ventilates the barrel preventing development of sub-atmospheric pressures which 
might create unstable conditions resulting in alternation between full and partly full flow. 





























b) Outlet submerged with the inlet unsubmerged. For this case, the headwater is shallow 
enough to expose the inlet crown as the flow contracts to the culvert. 
 
 
c) The entrance is submerged such that the culvert flows full for its entire length while the 
outlet is unsumberged. This is  rare requiring an extremely high headwater to maintain full 




d) The culvert entrance is submerged and the outlet end flows freely with low tailwater. Under 
these conditions, the barrel flows partly full over at least part of its length (subcritical flow) 
and the flow passes through critical depth just upstream from the outlet. 
 
 
e) Neither the inlet nor the outlet end of the culvert is submerged. The barrel flows partly full 
over its entire length, and the flow profile is subcritical. 































2.6. Hydraulic Performance of a Culvert 
Although the physical structure of a culvert is generally simple, they are hydraulically 
complex. The behaviour of flow in the section of the channel upstream of the culvert 
can significantly affect the performance of the culvert as well as have an impact on 
levels of erosion and sediment transportation (Day, 1997). The hydraulic performance 
of a culvert depends upon a combination of entrance, exit and friction losses, length of 
barrel, and the downstream backwater effect. If the culvert contains bends and joins 
then additional losses will occur at these points. Some additional losses will also be a 
factor where debris or security screens are fitted. The proportion of the total head loss 
through the culvert caused by the screen is small for a clean screen. Normann et al. 
(2001) state that the head losses due to a bar grate can be estimated using Equation 5 
where Hg (m) is the head losses due to the bar grate, Vg (m/s) is the velocity between the 
bars, Vu(m/s)  is the approach velocity and g is acceleration due to gravity.   
 





                                                                                                                (5) 
 
They also note that an alternative estimation method for vertical screen bars as shown in 
Equation 6 is noted by Metcalf & Eddy (1972) and Mays et al. (1983). 
 







 sin  g                                                                              (6) 
 
For Equation 6, Kg is a dimensionless bar shape factor, W is the maximum cross-
sectional width of the bars facing the flow (m), X is the minimum clear spacing between 
bars(m) and  g (degrees) is the angle of the screen with respect to the horizontal. 
Equations 5 and 6 were derived empirically and only considered clean screens. 
Additional losses will occur if the screens are blocked with debris.   
Hydraulic performance is also influenced by whether the inlet and/or outlet are 
submerged. If the inlet is not fully submerged then the controlling relationship is the 
energy balance between the upstream (1) and critical (2) sections which are almost 
adjacent to one another, as is shown in Figure 2.25 and described in Equation 7 where 
HWi (m)  is headwater depth above the inlet control section invert, D (m) is the interior 
height of culvert barrel, Hc (m) is specific head at critical depth, Q is discharge (m
3
/s), A 






) is full cross-sectional area of the culvert barrel, S is the culvert barrel slope and K 
and M are regression constants. Ku is a conversion factor for units (1.811 for SI) 












  0.7S                                                                                            (7) 
 
 
Figure 2.25 Typical inlet flow control conditions (Sterling Jones et al., 2006) 
  
Where the outlet is submerged the controlling relationship is between the upstream 
section and downstream section (Figure 2.26) and the energy balance contains all the 
frictional losses and elevation changes between the upstream and TW channels. Under 
these conditions the head relates to the total energy as shown in Equation 8, where HWo 
is headwater depth above the outlet invert, TW is tailwater depth above the outlet invert, 
Vu is approach velocity, Vd is downstream velocity and HL is total energy loss. The 
total energy losses include the entrance, friction, and exit losses. 
 
 











  HL                                                                                          (8)                                                                




2.7. General Trash Screen Design   
2.7.1. Screen layout 
The layout of a trash (or debris) screen will depend on the required screen area and local 
site conditions but it also needs to have minimum impact on the culvert‘s hydraulic 
operation. 
The main components of a trash screen are shown in Figure 2.27. Not all components 
are required for every trash screen. The functions of each component are described in 
Table 2.3. The type of screen required will depend on the nature of the debris, the 
required function and the site location and conditions. 
 
Table 2.3 Main components of a screen (EA 2009, p39) 
Component Description 
Sloping screen This provides the main screen area. 
Horizontal screen  This provides the main screen area. 
Coarse screen  This can collect initial larger debris to reduce both the impact 
on and potential damage to the main trash screen. Where 
present, the coarse screen is often located some distance 
upstream of the main screen, and there may be two or more 
coarse screens at intervals. 
Working platform  This provides access to the screen for clearance of the trash. 
Even where is constructed from open tread panels, the area of 
the working platform should not be included as part of the 
effective screen area. 
Access gates and 
removable panels 
These provide access to the required sections of the screen to 
aid trash removal. 
Access hatch  This is provided in the working platform to enable access to the 
culvert for periodic inspection. 
Fencing/handrailing 
 
This increases security and reduces the hazard associated with 
a potential fall into the channel. 
Access ladder  This is provided to enable access to the main trash screen and 
the culvert in order to: 
• clear trash from the screen in routine/non-routine events  
• inspect the culvert 






Figure 2.27 Cross section and Plan drawings of the components of a trash screen (EA, 2009 p38) 
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2.7.2.  Screen area 
Once site requirements have been taken into consideration the main current focus of 
screen design is on ensuring sufficient screen area is provided to handle the expected 
debris load. According to the EA, the majority of failures of new screens have been due 
to underestimating the size of screen required. The recommended method for 
calculating the required screen area is outlined in the current Trash and Security Screen 
Guide produced by the EA (2009). It suggests that screen area should be between three 
and 30 times the minimum culvert area and should be calculated based on estimated 
maximum debris amount (Da). This is the anticipated maximum amount of annual 
debris (m
3
) arriving at the screen in non-routine events. For sites where no actual data is 
available or the available data covers less than two years, standard estimates can be used 
based on the catchment type (Figure 2.28).  
 
 
Figure 2.28 Amount of debris expected from different catchment types (EA, 2009) 
 
The design debris amount (dDa) can be calculated from these standard estimates by 
measuring the contributing length of the watercourse that falls into each of the 
catchment types and summing the individual values to give an overall Da. This value 
then needs to be adjusted based on the average gradient of the main contributing 
upstream length according to the rules described in Table 2.4. This gradient is known as 
the S1085 slope. 




Table 2.4 Gradient adjustments for dDa calculations (EA 2009, p43) 
Average Gradient Design Debris Amount (dDa) 
Greater than 1 in 250 1.00 Da 
1 in 250 to 1 in 500 0.75 Da 
1 in 500 to 1 in 1000 0.50 Da 
Less than 1 in 1000 0.25 Da 
 
Along with the dDa, a blinded depth factor (Bdf) needs to be determined (Table 2.5). 
This is based on the predominant catchment type and reflects the degree of screen 
blockage by the potential debris type. Where there is a mix of catchment types, then Bdf 
is calculated as an average value taking into consideration the contributing length of 
each type. 
 
Table 2.5 Blinded Depth Factor (EA 2009, p43) 




Open public areas 0.37 
Open non-public areas (including farmland) 0.32 
 
The required screen size is then calculated using the determined dDa and Bdf values and 
the likely number of significant events during a year (Equation 9). A significant event is 
classed as an event that has sufficient force to lift debris off the bed and banks. The 
method states that unless strong site evidence indicates otherwise the number of events 
should be taken as three (EA 2009), however, no specific justification is given within 
the guidelines for this recommendation. 
 
 




 creen Area  m2    
dDa
No.of signifcant events   Bdf
                                                               (9) 
 
The recommended minimum and maximum areas relative to the culvert opening are 
based on analysis of the performance of trash screens over 15 years and therefore are 
likely to be a reasonable representation of required values. However, the evidence based 
method used to determine required screen area in the current guidelines is based on a 
maximum annual debris load from non-routine events while routine operation, cleaning 
and maintenance of screens focuses on normal daily/weekly debris loads. Therefore the 
designed area may not be appropriate for the purpose. In addition, the standard values 
for dDa (Figure 2.28) were determined using only a limited number of culverts from a 
single catchment: 17 sites from the Ravensbourne catchment, London (Magenis, 1988) 
and therefore may not be representative of debris loads from catchments with different 
contributing areas, rainfall/runoff patterns and demographics. 
Once the required area has been determined, achieving that area can be difficult 
especially in urban areas where space may be limited. In the latest trash screen design 
guidelines (EA, 2009) two approaches are suggested: 
 A long screen located diagonally across the watercourse  
 A long screen running parallel to the watercourse where the flow is  
 transferred sideways into a parallel channel 
There are a number of problems with these approaches as diagonal screens will reduce 
the cross-section of the channel and any required change in flow direction will result in 
additional head losses and increase the potential that debris will get trapped. An 
alternative approach is to have a series of screens with courser screens upstream.  
 
2.7.3. Screen angle 
Current guidelines recommend that screens should be placed at a preferred angle of 45 
degrees and a maximum of 60 degrees to the horizontal. 45 degrees potentially offers a 
higher screen area than a screen at 60 degrees in the same location. The use of a screen 
with an angle of less than 45 degrees would offer a means to further increase the area of 
the screen while keeping the top of the screen in the same position. However the current 
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guidelines suggest that these lower angles do not keep the working platform high 
enough above high flows to ensure safety. Angles steeper than 60 degrees have a high 
manual handling risk (EA, 2009). 
 
2.7.4. Bars and bar spacing 
According to the EA (2009, p14) ―The screen should trap as little debris as possible 
commensurate with the aim of preventing material that could cause a blockage from 
progressing downstream‖.  To achieve this, the spacing between the bars of a screen 
should allow as much debris to pass cleanly through the culvert as possible while still 
achieving the objective of either preventing culvert blockage or unauthorised access. In 
addition the spacing must not conflict with any requirements for the passage of fish or 
wildlife. The recommendations for bar spacing for trash screens vary depending on the 
function of the structure the screen is associated with and the expected debris. For 
example, an intake at a power station requires a much finer screen (often referred to as a 
weed screen) to prevent material being drawn into the pumps than would be required at 
a large culvert which may be designed to allow passage of small debris. Bar spacings of 
150mm up to 300mm are suggested but the final design needs to be site specific. Where 
a screen is required for security purposes it is recommended that the space between the 
bars should not exceed 140mm. This maximum spacing should include any gaps 
between the screen and the inlet structure and the bed of the watercourse.  
Bar design is a compromise between strength and hydraulic impact. Narrow bars have 
less of an impact on stream hydraulic performance but must still be robust enough to 
cope with debris impact and any potential vandalism. In addition the bars must allow for 
safe and effective raking therefore if cross bars are required to add strength they must be 
recessed far enough to avoid the rake. Often bars are hooked at the top to allow easier 
collection of debris on the working platform when raking. Current UK recommended 
bar dimensions are not less than 8 × 75 mm for flat bars. Thicker (10 or 12 mm) bars 
may be advisable where extra strength is required. While Clark et al. (2010) suggest 
that rounding the upstream edges of the bars will slightly improve the hydraulic 
performance and may reduce the propensity for the screen to trap small debris the 
limited benefit is unlikely to be a justifiable additional cost. The use of circular bars will 
improve hydraulic performance but there may be a corresponding reduction in rigidity 
when compared to rectangular cross section bars of the same diameter. The maximum 
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unsupported length of a bar should not exceed 1.5 m. Where any bar lengths exceed 
1.5m, bracing should be used. Current guidelines suggest that galvanized mild steel is 
generally considered to be the best material for bar construction (EA, 2009), however a 
number of installation companies are now recommending using high-density 
polyethylene (HDPE)  or extra high molecular weight polyethylene (EHMWPE) as an 
alternative to steel (e.g. Hydrothane Systems, 2011; Structure Guard, 2011). The use of 
HDPE or EHMWPE reduces the screens‘ weight and may reduce maintenance 
requirements by offering greater abrasion resistance and reducing the potential for 
corrosion. The use of HDPE screens also limits bio-fouling and frazil ice build up which 
can result in blockage. As screens using these materials are relatively new their 
durability and resistance to vandalism is as yet unclear. In addition no available research 
was found documenting comparative performance of screens constructed from different 
materials under particular environmental conditions such as extreme high or low 
temperatures, wild fires, high debris loads or flood flows. 
 
2.8. Trash Screen Hydraulics 
Laws & Livesey (1978) suggest that there are three main factors that should be 
considered when assessing the hydraulic impact of a screen: 
 The properties of the flow through a screen  
 The effect of a screen on time-averaged velocity distributions 
 The effect of a screen on turbulence distributions 
Meusburger et al. (2001) note that data from many field measurements show that flow 
conditions near trash screens are fully three-dimensional, turbulent and locally transient. 
A number of experimental studies have been undertaken looking at the hydraulic impact 
of trash screens; the main focus of which has been to establish head loss across the 
screens for performance efficiency improvements at power station inlets. The results of 
the studies have been used to develop correlations for calculating head loss. While the 
Kirschmer equation (Equation 10) is one of the most widely used (e.g. Osborn, 1968), 
Tsikata et al. (2009) note that other equations are also in use including: the energy 
equation (Equation 11), an equation generated by Davis (1952) (Equation 12) and an 
equation used by the U.S. Bureau of Reclamation to determine head loss regardless of 
bar shape or screen angle (Wahl, 1992) (Equation13).  For Equations 10 to 13,  Δh = 
head loss (m), h1 = upstream flow depth (m), h2= downstream flow depth (m), hv = 
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velocity head of flow approaching rack (m), U1= average upstream velocity (m/s), U2 = 
average downstream velocity (m/s),  U = average velocity through net flow area (m/s), 
Vg is the velocity between the bars (m/s), Vu is the approach velocity ( m/s)  R = net 
flow area/gross area (m
2
), β = bar shape factor, W = maximum width of bar upstream of 
flow (m), b = minimum clear spacing between bars (m),   = angle of inclination of rack 
with horizontal, g = gravitational acceleration (m/s
2
), α = kinetic energy coefficient. 
  






 hv sin                                                                                                        (10) 
 





                                                                                                            (11) 
 





                                                                                                         (12) 
 
 h    1.45 - 0.45R - R2  
U2
2g
                                                                                        (13) 
 
These relationships were all based on average flow velocities and flow depths in open 
channels, very few studies have undertaken a detailed analysis of flow through trash 
screens.  
Yeh (1989) notes a number of early investigations of flow through screens (Taylor, 
1944; Taylor & Davies, 1944; Taylor & Batchelor, 1949; Andrew, 1951; Baines & 
Peterson, 1951; Elder, 1959). For example, Yeh reports that in a study looking at 
screens perpendicular to the direction of stream flow, the most common orientation for 
trash screens, Baines & Peterson (1951) investigated pressure differences across the 
screen, velocity distributions, and turbulence. In addition to the study by Yeh 
investigating free-surface flow through a screen, a number of other studies have also 
been undertaken some examples of which include: an experimental investigation of 
various types and angles of screens by Stefan & Fu (1978), an assessment of the 
performance of screens in terms of debris capture and fish passage (Padilla & Clark, 
2008) and an experimental study of turbulent flow near trash racks (Tsikata et al., 
2009).  
Stefan & Fu (1978) found that the value of the head loss coefficient increases slightly as 
the Reynolds number increases. Yeh (1989) reports that transverse support bars of the 
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screens appear to significantly disturb the flow and notes that as the screen slope 
relative to the bed is decreased, more transverse support bars are submerged, causing 
additional head loss. The study by Padilla & Clark (2008) shows that screens at all 
angles had little effect on velocities in front of and in back of the screen although under 
higher velocity scenarios changes in the average velocity profile across the screen were 
discernable. At debris rack installation angles of 30, 45, and 60 degrees, the flow 
velocity was found to decrease at the top and increase at the bottom of the flume as the 
flow travelled from upstream of the screen to downstream of the screen.  Tsikata et al. 
(2009) used a physical model to investigate turbulent flow. They found that the head 
loss coefficient increased as the area of bars relative to the open area increased but 
decreased as the cross sectional depth of the bar was reduced. While these studies all 
considered free surface flow, a study by Clark et al. (2010) looked at head loss across a 
submerged trash rack. They found that head loss across a trash rack increased with 
increasing approach velocity, approach flow angle and bar area relative to clear area. In 
addition they reported that head loss was reduced where bars did not have a rectangular 
cross section. Streamlining both upstream and downstream edges of the bars was found 
to reduce energy loss more than streamlining just one edge. However, they concluded 
that any head loss associated with water surface disturbances near a trash rack were 
negligible in open channel flow. 
These investigations considered trash screens constructed from straight bars, placed 
either vertically or inclined. While this configuration is used for almost all trash screens, 
some safety screens have adopted a parabolic shape as this is considered to increase the 
likelihood that a person will be swept up the screen to safety if swept into the 
watercourse.  Allred-Coonrod (1994) used a physical model to assess the performance 
of a parabolic screen under supercritical conditions and concluded that pining forces 
against the screen would be negligible and by designing to ensure a hydraulic jump was 
induced on the screen a body would be pushed up to safety. This study also looked at 
the effects of the screen becoming blocked by using plastic sheet to block off 50% to 
70% of the screen. Blocking the screen did not prevent model bodies from swept up the 
screen. One other study of the impact of blockage of the screen was reported by Xiang 
et al. (2009). In the presence of debris they found that while velocity profiles upstream 
from the screen were not significantly affected, downstream profiles showed higher 
velocities at the bottom of the flume than at the top. This was due to floating debris 
blocking the screen at the top of the flume. 
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While all these studies report useful findings in terms of trash screen hydraulics the 
investigations were based on screens in an open channel and therefore do not include 
any assessment of environments where there is a change in hydraulic conditions created 
by flow constriction at a culvert.   
 
2.9. Screen Cleaning and Debris Removal 
Debris accumulating at screens will need to be removed. The design of the screen must 
allow safe raking for debris removal under routine and non-routine conditions. Where 
there is a possibility of damage to surrounding areas from flooding resulting from 
blockage of the screen, access must be available for alternative clearing methods such as 
vehicle-mounted grabs if manual clearing when submerged is not possible. Three 
methods of screen cleaning are commonly used: 
 Manually using suitably hooked rakes (Figure 2.29) 
 Mechanically by specific grab systems or mobile plant (Figure 2.30) 
 Mechanically by automated screen-clearing mechanisms. If an automated  
 method is used its performance should be remotely monitored 
 
   
Figure 2.29 Timber and debris being manually cleared from screen on River Gaunless 
(Photographs from Environment Agency, Yorkshire & North East) 
 
   
Figure 2.30 Examples of mechanical screen cleaners (Photographs from C W Engineering, 
http://www.cw-engineering.co.uk/screen_cleaners.html) 
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To ensure raking can be undertaken safely the recommended maximum length for any 
single section of screen is 2m. If more area is required than can be provided by this 
length of screen, multiple stages should be used with working platforms between each 
stage. The design of the screen is required to enable manual handling of debris between 
each working platform. To do this a maximum vertical distance of 1.2m between each 
platform is recommended (EA, 2009). 
 
2.10. Culvert and Trash Screen Operation and Maintenance. 
There are over 300,000 culverts in the UK that require maintenance to minimise any 
associated flood risk (Wallerstein, 2010).  Maintenance will be required under both 
routine and non-routine operating conditions and therefore safe access must be available 
at all times. In addition to regular routine visits as part of standard maintenance 
programs, culverts and trash screens may need to be cleared at other times due to 
unexpected blockages caused by dumping or high debris loads in the watercourse. To 
identify these situations remote water-level monitoring can be used, linked by telemetry 
to an operational centre. Installation of CCTV at the site may also be beneficial 
although will increase the operational costs. For example, the Scottish Borders Council 
installed four trash screen monitors at key sites to monitor the upstream water levels and 
to provide alarms when the level reached a set threshold that would have created a flood 
risk potential. The alarms are transmitted along with collected data back to the Councils 
Border Care Office where appropriate directed action can be taken (Hydro-logic, 2007). 
Edinburgh City Council also uses this approach to monitor water levels at culverts 
across the city. Water levels are monitored and once a predefined level is reached 
maintenance staff are automatically notified of the problem which may allow a rapid 
response to clear blockages thereby reducing the risk of flooding. For example, a 
camera and water level monitor are located on a culvert with a trash screen located near 
Ellen‘s Glen Loan in Edinburgh (Figure 2.31).  
The water level is recorded every three hours when operating normally. If the water 
level reaches the preset alarm level a message is automatically sent to the council and 
levels are monitored every 15 minutes until the level returns to below the alarm level. 
An example output from the water level monitor with levels triggering alarms is shown 
in Figure 2.32. In addition photographs taken of the culvert inlet (Figure 2.33) can be 
used to support maintenance decisions.             




     




Figure 2.32 Sample output from Edinburgh City Councils Isodaq Timeview Telemetry 
system – monitoring Ellens Glen Loan 
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(a)   (b)  
(c)   (d)  
Figure 2.33 Sample photographs from Edinburgh City Councils Isodaq Timeview  
Telemetry system: (a) Base water flow (b) High water levels trigger an alarm (c) 
Maintenance crew response to alarm ensures any trapped debris is cleared. (d) 
Monitoring can continue until water levels return to normal. 
 
While the majority of debris screens are secured in a fixed position, an option may be to 
secure the screen in such a way that it can be raised or lowered as the needs demands. 
This allows the trash screen to be temporarily removed from the watercourse to prevent 
blockage when required. This can be done by using a lifting mechanism which may be 
triggered automatically when the water levels reach a preset height or remotely by an 
operative after an alarm or weather warning. Alternatively the screens may be raised 
manually on site (Figure 2.34). 
 
 
Figure 2.34 Manually raised trash screen 
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2.11. Chapter Summary 
This chapter has introduced the use and structure of culverts and trash screens and 
provided the theoretical background and equations that define the hydraulic conditions 
relevant to culvert installations.  
Culverts carry watercourses under an obstruction and may also be used to manage flood 
flows. While the installation of new culverts is now discouraged and controlled, a 
considerable number of existing culverts are still in use. Projects designed to reduce the 
impact of culverts through methods such as ‗daylighting‘ are becoming increasingly 
common.  
Despite a number of  concerns regarding the impact of culverts, under some 
circumstances they offer the only practical solution to watercourse routing therefore 
there is a need to ensure their design, installation and maintenance have minimal impact 
on the environment and flood risk. 
A number of factors must be considered when designing culverts including a number of 
engineering aspects; site considerations; inlet and outlet structure; erosion, 
sedimentation and debris control; safety requirements and potential environmental 
impacts. 
The hydraulic performance of a culvert depends on a combination of entrance, exit and 
friction losses; length of barrel; downstream backwater effects and the presence or 
absence of a debris screen. It is also influenced by whether the inlet or outlet is 
submerged and the type of flow occurring in the culvert barrel. 
Culverts can operate under either inlet or outlet control. Under inlet control the capacity 
of the entrance is the limiting factor while for outlet control water can enter the culvert 
faster than it can flow through the barrel. 
Where trash screens are installed, their layout will depend on the required area and local 
site conditions. Current guidelines, produced by the EA, provide a method for 
determining the required screen area and suggest screens of between three and 30 times 
the culvert entrance area. The area calculation is based on an estimation of the 
maximum amount of debris predicted to arrive at the screen in a non routine event. The 
guidelines also recommend a screen angle of between 45 and 60 degrees. No specific 
recommendations are given for bar spacing unless there are particular safety concerns 
regarding unauthorised access in which case a bar spacing of no greater than 140mm is 
recommended. 
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Maintenance is required to ensure safe and secure operation of the culvert and screen 
and to clear any debris trapped by the screens. Debris can be cleared by both manual 
and mechanical raking. There are over 300 000 culverts within the UK that require 
maintenance which must be possible under both routine and non routine operating 
conditions. In addition to regular maintenance visits, the risk of potential flooding due 
to raised water levels can be monitored through the use of automated water level 




Chapter 3                    
3. Debris and Debris Control 
3.1. Introduction 
Chapter 2 provided an overview of how blockages of watercourses, bridges and culverts 
by debris have had a significant impact on recent flooding events and are commonly 
recognised as a major contributing factor to flooding. Notably, analysis of a 
consultation regarding the 2007 floods in the UK, the Pitt Review (Pitt, 2008), reports 
that many of the responses to the consultation blame the extent of the flooding on the 
build up of debris. Blockage of a culvert inlet by debris may have an impact on 
hydraulic conditions, the culvert structure, the local geomorphology, and the 
surrounding environment as well as potentially having social and economic impacts. 
This chapter describes the sources of debris commonly found in watercourses and 
outlines the processes involved in debris transport within a watercourse and the 
mechanisms involved in debris deposition and accumulation at river structures.  It then 
summarises current approaches to debris control within a watercourse, reviews the 
available research relating to the debris control performance of trash screens and  
discuses the need for further research in this area. 
 
3.1.1. Hydraulic impact 
When a culvert becomes blocked the main impact is an increased water level upstream 
due to the culverts reduced capacity. This is illustrated in Figure 3.1 which shows the 
channel approach to a small culvert located in a residential area of Edinburgh. Figure 
3.1a shows the screen free of debris while Figure 3.1b shows the screen after it has 
become blocked by a significant quantity of debris which has impeded flow through the 
screen and caused an increase in upstream flow depth. 
The reduced capacity and increased upstream water level will also result in a higher 
discharge velocity at the outlet.  
The limited research currently available regarding the effects of debris on the hydraulic 
performance of culvert trash screens is discussed in Section 3.7.  
 
 






Figure 3.1 (a) Approach flow to a screen clear of debris, (b) increase in flow depth 
upstream of the same screen caused by significant blockage 
The increase in water depth is highlighted by the depth of water above the ledge that is 
exposed when the screen is clear. 
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3.1.2. Structural impact 
The culvert inlet structure may be damaged by initial debris impacts, by debris drag 
forces or by increased loads as a result of debris jams. The debris may also result in 
scour (e.g. Melville & Dongol, 1992; Pagliara & Carnacina, 2010), and abrasion of the 
structure which could lead to corrosion damage. Damaged inlets have reduced hydraulic 
capacities which may lead to greater risk of flooding. 
 
3.1.3. Geomorphology 
As well as temporary flow changes due to flooding, a prolonged build up of  debris that 
is not cleared may result in a permanent change to the flow path of the watercourse as it 
cuts a new channel in an attempt to overcome the blockage.   
 
3.1.4. Socio-economic impact 
As discussed in Section 1.2, flooding related to blockage at culverts can have significant 
social and economic consequences. Flooding resulting from blockage at culverts, 
particularly culverts associated with a road, can have significant impact on the 
transportation of goods and services. This can be a major problem if it restricts the 
movement of emergency services. For example, the draft Environmental Assessment for 
the City of Peabody, Massachusetts, Goldthwaite Brook Flood Mitigation Project 
(FEMA, 2009) notes that floods in the main city square, resulting from overflowing 
culverts, isolated the main fire and police station, resulting in delayed response.  
As well as social effects, flooding has a significant economic impact. A flood study 
undertaken by Forbes Rigby Pty Ltd for the Wollongong City Council notes that in 
Thirroul, a storm in August 1998 caused $75 million of property damage of which a 
significant proportion could be attributed to culvert blockage (Weeks et al., 2009).  In 
addition increased routine and emergency maintenance requirements from high debris 
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3.1.5. Environmental impact 
The accumulation of debris can have an adverse impact on the aesthetics of an area and 
increase public concern about flood risk. The build up of debris can also affect fish and 
mammal migration paths (see Section 2.3.9). In addition a persistent blockage can result 
in the formation of a stagnant water pool which may have potential health risks. 
 
3.2. Sources of Debris 
3.2.1. Overview 
A watercourse normally carries floating as well as submerged debris. The volumes of 
debris can increase substantially during flood flow conditions and can cause blockage 
problems at hydraulic structures such as culverts. An accumulation of debris at a culvert 
changes the flow patterns and may create adverse flow conditions including 
substantially raised water levels resulting in flooding. The selection of an appropriate 
control measure will depend on the type and volume of debris arriving at the structure. 
To help in establishing appropriate controls it is useful to classify the different types of 
debris. Within the UK the EA has split debris into five main types as outlined in Table 
3.1.  
Table 3 .1 Debris Classification used by the EA. (EA, 2009) 
Debris Type Examples of debris 
Small vegetation    Leaves, twigs, garden waste, small branches and 
plants 
Large vegetation   Trees, large branches, shrubs, mats of weeds 
Domestic refuse   Packaging, small containers (cans, bottles, 
cartons), plastic bags 
Large household refuse   Furniture, mattresses, carpets 
Large non-domestic refuse   Cars, shopping trolleys, ladders, pallets, straw 
bales 
 
The FHWA in the USA, who have responsibility for the maintenance of many hydraulic 
structures, has a slightly different classification system splitting debris into eight main 
groupings (Table 3.2). A classification system similar to the FHWA system, but with 
different grouping names, is currently used within Australia; in addition it also includes 
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a distinct grouping for urban debris (Weeks et al., 2012). Although these three 
classification systems differ they all have a common purpose which is to aid the better 
management and control of debris within a watercourse. 
Table 3.2  Debris Classification used by the FHWA. (Bradley et al., 2005) 
Debris Type Examples of debris 
Small floating debris  Small limbs or sticks, orchard prunings, leaves, and 
refuse 
Medium floating debris   Tree limbs or large sticks 
Large floating debris   Logs or trees 
Fine detritus   Silt, sand, and fine gravel more or less devoid of floating 
debris 
Coarse detritus   Coarse gravel or rock ranging in size from 16 to 256 mm    
Boulders Material comprised of large rock ranging in size from 256 
to 2048 mm  
Flowing debris A heterogeneous fluid mass of clay, silt, sand, gravel, 
rock, refuse, trees, and/or branches. - a combination of the 
different types of debris mentioned above 
Ice debris An accumulation or transport of ice floes in the waterway 
 
3.2.2. Natural debris 
Natural debris includes all types of organic material found in a water course. While 
organic debris in the watercourse is generally the result of natural processes, the growth 
in interest in both ecological sustainability and natural flood management processes 
over the past few years has resulted in the deliberate introduction of woody debris to 
streams and rivers to improve habitat provision or reduce river flow rates (see for 
example Antón et al., 2007; Mott, 2010; Thomas & Nisbett, 2012; Manning et al., 
2013).  In addition organic material may be deliberately introduced to the river banks 
and immediate area around the watercourse to help create and manage deadwood 
habitats which are considered as key to improving the condition of native woodland as 
part of the UKBAP (e.g. Humphrey & Bailey, 2012). 
Inputs of wood into rivers varies widely depending on factors such as location in the 
watershed (e.g. Bilby & Ward, 1989),  land use and disturbance history (e.g. Gregory & 
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Davis, 1992). Debris may enter the watercourse in small regular quantities and also on 
occasions in large volumes. Fetherston et al. (1995) refer to this as chronic or episodic: 
chronic inputs are frequent but small in volume and are the result of tree mortality and 
incremental bank erosion; episodic inputs result in large volumes of debris and are the 
result of irregular events such as storms, fires and landslides.  
The volume of woody debris is dependent on the full riparian zone environment as it 
may have originated from within the watercourse or its immediate surroundings, or may 
have been transported there from a more distant location. Swanson et al. (1975) state 
that the main sources of woody debris entering a watercourse from the surroundings are 
blown down trees, tree tops and branches resulting from storm damage, and debris 
slides from steep banks. These processes are likely to be particularly effective on trees 
or branches already dead or weakened by fire or disease. Both healthy and weakened 
trees may also enter the watercourse indirectly through bank erosion, debris slides and 
mudflows. This view is supported by Hogan (1987) who suggests that large pieces of 
woody debris that originate from within the riparian zone may be the result of trees 
being uprooted either directly by drag forces or indirectly through erosion. Diehl and 
Bryan (1993) also suggest that bank instability is a major contributing factor to the 
potential volume of debris that can enter a watercourse.  
A study by Magenis (1988) reported that the volume of debris arriving at a culvert could 
be estimated based on the length of open channel upstream of the screen and the landuse 
of the contributing reach. This research also included an assessment of the volume of 
debris from anthropogenic sources and forms the basis of the estimation of anticipated 
maximum amount of annual debris used in the recommended calculation for screen area 
in the current design guidelines (see Section 2.5.2). A number of more recent studies 
have also assessed potential natural debris loads in watercourses. For example, in a 
review of watersheds in Japan, Seo and Nakamura (2009) reported that the volume of 
large woody debris (LWD) entering the watercourse depended on the scale of the 
contributing watershed. Export per unit area was relatively high in small watersheds, 
peaked in intermediate watersheds, and decreased in large watersheds. However this 
study was restricted to a limited range of environments so may not be indicative of 
volumes under other conditions. 
Average debris length, diameter and volume per piece of debris is generally dependant 
on stream width and increases with stream size with most mobile pieces shorter than 
watercourse width (e.g. Beschta & Robison, 1990; Nakamura & Swanson, 1994).  
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3.2.3. Anthropogenic debris 
As well as natural debris, items from a variety of other sources can find their way into 
the watercourse. The main sources of anthropogenic debris are: 
 fly-tipping sites  
 industrial and/or commercial areas  
 farms  
 residential properties  
The volume and makeup of the anthropogenically sourced debris will depend on the 
size and type of the catchment area feeding into the watercourse.  Increasing catchment 
area increases both the quantity of available material and runoff.  The type of 
contributing catchment is also significant as, within the UK, the degree of fly-tipping 
directly into or near streams is strongly correlated with the level of urban and suburban 
poverty (Webb et al., 2006; EA, 2009; Wallerstein & Arthur, 2012). Within more 
deprived areas householders are less likely to have access to transport to dispose of 
rubbish at civic amenity sites and also often have less storage available for their waste 
due to the higher density of the population so they have a greater need to dispose of it 
more regularly (Webb et al., 2006). Fly tipping can be a significant problem; in both 
environmental and economic terms. The annual cost to Scottish local authorities for 
clearing up instances of illegally dumped waste exceeds £2.5 million each year (SEPA, 
2012b).  
Small items of debris that routinely find their way into the watercourse such as 
packaging materials, plastic bags and toys can contribute to blockage if they result in an 
accumulation of debris in a culvert or at a screen. Larger items, for example shopping 
trolleys, packing crates or items of furniture such as a mattress (see Figure 1.7) may be 
enough to cause a blockage on their own. In addition, extreme flood events may result 
in very large items being swept into a watercourse and blocking a structure. For 
example, Figure 3.2a shows cars that have become trapped at a culvert inlet after a 
major storm event. Cars were also a problem during the major floods in Boscastle in 
2004. A number of cars were swept into the river along with other debris and caused 
significant blockages (Figure 3.2b). A recent study has been undertaken to assess the 
impact of vehicles blocking bridges after being swept into a river (Teo et al., 2011). 
Obstructions caused by vehicle blockages at bridges were found to increase water 
surface elevations for a considerable distance upstream of the blockage, and there was a 
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significant impact on flow propagation and hydrodynamic processes along adjacent 
floodplains.  
 
(a)   
 
(b)   
Figure 3.2 (a) Cars blocking a culvert after a storm on 8
th
 June 2008, Newcastle, New 
South Wales, Australia (Weeks et al., 2012)  (b) Cars and woody debris at site of the old 
bridge, Boscastle during 2004 flood. (Photograph © David Flower)  
 
3.3. Factors Influencing Debris Transport 
Debris availability is influenced both by the degree of flood inundation of urban areas 
and the frequency of flooding. Where there are long gaps between flood events more 
debris will have accumulated in the surrounding area therefore there is the potential for 
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higher debris loads being swept into the river during a single event than may occur if 
flooding is more frequent.  
During a flood, debris is swept into the watercourse from the surrounding banks and 
redistributed throughout the river network. This process depends on the flood volume, 
discharge, channel characteristics, the size and geometry of the pieces of debris relative 
to the channel width, orientation of the debris relative to the channel alignment, weight 
and buoyancy of the debris, and the hydraulic characteristics and geometry of the banks 
and channels (Braudrick et al., 1997; Braudrick & Grant, 2001; Haga et al., 2002; 
Bradley et al., 2005; Bocchiola et al., 2006a, 2006b). Once in the watercourse debris 
may move by rolling, sliding or floating.  
While it is recognised that both organic and non-organic debris contribute to blockages 
within rivers, the main research focus has been on woody debris. Braudrick et al., 
(1997) in a study of woody debris transport, identified three general modes of transport 
which depend on the input rate of logs: 
 Uncongested: debris moving without piece-to-piece interaction. Movement tends 
to be linear with respect to time 
 Congested: logs move together as a single mass. Movement of congested LWD 
transport tends to be in pulses with respect to time 
 Semi-congested: intermediate between the two regimes 
A considerable number of studies have been undertaken looking at the transportation 
patterns of woody debris once in a watercourse. Many of these focused on assessing the 
forces necessary to initiate movement and factors influencing debris transport such as 
drag, torque and buoyancy while also considering the impact of woody debris on 
channel hydraulics and morphology (e.g. Braudrick et al., 1997; Diehl, 1997; Braudrick 
& Grant, 2000; Manga & Kirchner, 2000; Wallerstein et al., 2001; Bocchiola et al., 
2002;  Hygelund & Manga, 2003; Bradley et al., 2005; Mazzorana et al., 2011; Shields 
& Alonso, 2012). In a recent study, Shields and Alonso (2012) used an outdoor grassed 
channel to assess flow forces on large pieces of wood. The combined effect of 
buoyancy, drag, and lift forces acting on a cylindrical log were found to be at maximum 
when the log was either resting on the bed or just submerged and oriented perpendicular 
to the flow. 
Deihl (1997) notes that observations of debris transport suggest predominantly 
uncongested transport with only short-term contact between logs, a finding also noted 
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during a field study by Lyn et al. (2003). This later study also reports that the 
orientation of the debris in the stream may be a function of size, with longer logs having 
a tendency to orientate parallel to the flow direction and shorter debris exhibiting a 
wider range of orientations. Diehl also notes that LWD is not consistently aligned with 
the flow, but suggests that rotation is due to the influence of eddies and vortices. This 
tendency to re-orientate due to flow patterns may be significant in determining how 
debris is transported close to structures within a watercourse as the presence of an 
obstacle will alter flow paths upstream and immediately around the obstacle.  
Other studies report on changes in hydraulic properties resulting from local disturbance 
of flow patterns due to obstacles such as tree trunks, logs jams or artificial structures 
(e.g. Young, 1991; Gippel, 1995; Shields & Gippel, 1995; Abbe & Montgomery, 1996; 
Lyn et al., 2003; Bocchiola et al., 2006a, 2006b; Manners et al., 2007). For example, in 
a flume based experimental investigation of how the motion of LWD in rivers is 
influenced by the presence of obstacles, Bocchiola et al. (2006b) found that the 
probability that a piece of LWD is stopped by an obstacle and whether it stops by 
leaning against one obstacle or by bridging two obstacles depends both on the length of 
the LWD and on the flow conditions. 
The distance travelled by debris once mobilised has also been considered by a number 
of studies and was found to depend on a number of factors; one of the most significant 
being water depth. In a field experiment looking at transport of small woody debris in a 
mountain stream in Japan, Haga et al. (2002) showed that the distance travelled by the 
logs is strictly related to the water depth at the peak flow.  Similar findings showing the 
influence of flood water depth on debris transport were reported by Braudrick & Grant 
(2001).  
Both the distance transported and the initiation of transport will also be influenced by 
the size and geometry of the debris. Coniferous wood debris tends to be cylindrical and 
therefore is more readily transported and routed through a river system. In contrast, 
widely spreading or multiple stemmed hardwoods are more likely forms snags and only 
travel short distances. Where the wood is without a rootwad or leaf canopy, its motion is 
the result of a balance between the downstream driving forces of fluid drag  and 
buoyancy (Hygelund & Manga, 2003) and the resisting forces of log weight and friction 
between the log and the channel bed (Braudrick & Grant, 2000). Light, buoyant logs 
tend to flow with the main current while much larger logs or trees with large roots can 
Chapter 3 – Debris and Debris Control 
74 
 
‗dredge‘ the bottom and therefore tend to move very slowly (Abbe & Montgomery, 
1996). 
Studies looking at the transport of debris from its source to the watercourse are 
extremely limited. Johnson et al. (2000) used a combination of field study and analysis 
of aerial photographs to investigate the influence of flood induced wood flotation and 
transport within a riparian forest. They found high spatial variability of riparian 
responses to large floods and suggest that while flood waters had an impact on riparian 
forests the effect was much greater where wood was transported within the water. In 
addition they report that the dynamics of the flood and forest interactions were strongly 
influenced by the state of the forest prior to the flood, which was a result of previous 
floods and land-use practices.  
While a number of different authors have reported on studies of debris in the riparian 
environment, in a review of studies looking at large in-stream wood, Wohl et al., (2010) 
note that historically, most of the field studies looking at large wood transport have 
focused on the Pacific North West area of the USA. However, as the review notes, in 
the last decade or so research has been undertaken in many different geographical areas 
and environments including Europe (e.g. Comiti et al., 2006),  Asia ( e.g. Seo et al., 
2008),  South Africa (e.g. Gomi et al., 2006), Australia (e.g. Webb & Erskine, 2003), 
New Zealand (e.g. Baillie & Davis, 2002), South America (e.g. Andreoli et al., 2007)  
and other regions of North America (e.g. Marcus et al., 2002).   This increasing 
diversity in environments being studied highlights the growing need for understanding 
the interaction between debris load and transport in river systems in terms of ecological, 
geological and hydrological impacts.  
 
3.4. Factors Influencing Debris Deposition and Accumulation at a Culvert 
Within the UK currently four mechanisms for debris accumulation and blockage at a 
culvert have been identified (EA, 2009): 
 Sedimentation: progressive build up of sediment within the culvert barrel 
 Gradual blockage: blockage from the surface downwards by floating debris 
 Abrupt blockage: blockage by urban materials such as sheet metal, fences and 
sheds 
 Sudden blockage – total instantaneous blockage by a large item or items of debris 
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Accumulation of debris at a culvert or trash screen is very site specific and as a result 
little data is available to help determine the probability of accumulations resulting in 
blockage. Blockage probability is a function of three main factors: debris availability, 
probability of transport, and the probability of deposition and accumulation. Table 3.3 
details risk factors influencing debris accumulation within a culvert. 
 
Table 3.3 Risk factors influencing debris accumulation at culverts. (Adapted from EA, 
2009) 
Culvert feature Risk 
Size of culvert barrel Generally the smaller the culvert the greater the risk of 
blockage 
Number of barrels Risk of blockage is higher for multiple barrels, but 
blockage of one barrel only causes partial loss of capacity 
Bends, Steps and changes 
in cross section 
Can trap larger pieces of debris 
Services Services that pass through a culvert can trap debris  
Length The longer the culvert the greater the risk 
Hydraulic design Free surface flow within a culvert is less like to result in 
trapped debris than full flow 
Inlet and approach 
conditions 
Sharps bends at the entrance may induce deposition and 
debris build up 
Inverted syphons High propensity to block 
 
Both experimental and field studies have been used to assess the potential for debris 
deposition and accumulation within a river. For example, an experimental study by 
Braudrick & Grant (2001), which investigated the motion and the deposition patterns of 
wood dowels, suggests that the probability of LWD to be deposited depends on 
particular flow variables and on the size of the debris. While many of the studies have 
focussed on the formation of woody debris jams within the watercourse (e.g. Abe & 
Montgomery, 1996; Manners et al., 2007; Bochiola et al., 2008; Manners & Doyle, 
2008), a limited number have specifically investigated debris accumulation at artificial 
structures (e.g. Melville & Dongol, 1992;  Lyn et al., 2003; Pagliara & Carnacina, 2010; 
Mazzorana et al., 2011; Wallerstein & Arthur, 2012). 
Chapter 3 – Debris and Debris Control 
76 
 
The study by Lyn et al. (2003) examined factors contributing to the initiation and 
development of debris piles at bridge piers and involved both laboratory and field 
analysis. The laboratory study suggested a greater potential for debris accumulation at 
lower water depths while the field observations show that delivery of debris to the 
structure was episodic rather than continuous and that the debris pile could be initiated 
and grow to a considerable size before the peak of an event. In addition it was noted that 
similar hydrological events can produced significantly different patterns of 
accumulation. 
Melville & Dongol (1992) and Pagliara & Carnacina (2010) studied the role of debris 
accumulations in the development of scour at bridge piers but limited consideration was 
given to the potential volume of debris that may accumulate. However, a recent study 
undertaken by Mazzorana et al. (2011) considered identifying potential volumes of 
debris at structures such as bridges, key to refining hazard mapping. They used a 
modelling approach to both estimate the potential volume of woody material entering a 
watercourse during a flood event from banks and floodplains and evaluate woody 
material transport to key critical configurations such as bridges.  
While the majority of studies considering structures in watercourses have focused on 
debris accumulations at bridges, a recent study by Wallerstein & Arthur (2012) used 
trash screen monitoring records and GIS data sets relating to 140 sites in Belfast to 
develop simple empirical models that enable estimation of the probability of delivery of 
significant debris loads to screens. The study found that the potential for debris arrival 
at a screen was related to key channel, flow, land use and social deprivation variables. 
In addition it was found that the significance of the driving variables and the extent of 
their influence varied depending on the time of year.  Their models do not currently 
factor in culvert or trash screen design.  
 
3.5. The Need for Debris Control  
Perham (1987), cited in Abt et al. (1992), noted the requirement for floating-debris 
control to protect hydraulic structures. He indicated that floating debris can have an 
extremely harmful effect on flood control works, power-generation intakes, and 
navigation facilities. While a variety of structural and non-structural approaches have 
been taken to help minimise the problems caused by debris blockage at culverts, little 
research is available on the efficiency of different control measures. Wallerstein et al. 
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(1997) offer a review of a number of debris control approaches in different areas of the 
USA and Europe and note that ―debris control and exclusion systems involve 
considerable capital cost, and difficult and expensive maintenance procedures and they 
may themselves impair the efficient operation of the structure they were intended to 
protect‖. For example, as screens designed to exclude debris from hydro-electric power 
plant intakes result in head loss, the need to minimize bar spacing to prevent debris 
entry into the turbines must be balanced against the loss of potential energy for power 
generation. Therefore careful consideration of the whole system is required before 
deciding on the most appropriate approach to debris control.  
 
3.6. Structural Approaches to Debris Control 
A number of different structural measures can be taken at culvert inlets to try and 
reduce the impact of debris. These include mechanisms designed to trap and store the 
debris such as racks and sediment traps and devices designed to orientate the debris to 
facilitate its passage through the culvert such as fins and deflector poles. The choice of 
structure will depend on site conditions and more than one device can be employed at a 
single culvert.  
 
3.6.1. Deflectors 
Structures can be placed at the culvert inlet to deflect the major portion of debris away 
from the culvert entrance. They are normally "V" shaped in plane with the apex 
upstream (Figure 3.3).  
 
                                         
Figure 3.3 Steel debris deflectors, looking downstream 
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The structural stability and orientation of these deflectors make them particularly 
suitable for large culverts, high velocity flow, and large woody debris or large boulders. 
The debris is deflected to the sides or top of the structure where it can be temporarily 
stored in areas set aside or designed for this purpose. An alternative use of deflectors is 
to use poles to attempt to orientate the debris within the flow (Figure 3.4a). Under 
extreme conditions, rather than facilitate the transport of debris, the deflectors can act as 
a collection point. This may result in a blockage as happened at the site of the Eel River 
(Figure 3.4b).  
 
(a)   (b)  
Figure 3.4 Debris deflectors installed at State Route 59 south crossing of the Eel River in 
central Indiana, before (a) and after (b) after a major flow event (Bradley et al., 2005 and 
Lyn et al., 2003) 
 
3.6.2. Racks, screens and grilles 
As discussed in Section 1.3, racks or screens are commonly fitted at culvert openings to 
reduce the risks of flooding resulting from culvert blockage (e.g. Figure 3.5).  An 
overview of trash screen design is given in Section 2.7. General design guidance for 
trash racks including bar spacing, head loss, rack location, vibration response, and angle 
of inclination have been offered in a number of countries for many years. In the USA, 
Hydraulic Engineering Circular No. 9, produced by the FHWA offers general guidance 
which may be supplemented by specific guidelines produced by individual states. The 
latest edition (Bradley et al., 2005) replaces earlier editions published in 1964 and 1971 
(Reihsen, 1964; Reihsen & Harrison, 1971). Within the UK, current guidance is offered 
by the EA (Balkam et al. 2010; EA, 2009). Studies undertaken to investigate the 
efficiency of trash racks are reviewed in Section 3.9. 
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Figure 3.5 Debris Racks (Bradley et al., 2005; TSO, 2004) 
 
3.6.3. Risers 
Risers are structures placed directly over the culvert inlet in order to prevent flowing 
debris and fine detritus reaching the culvert inlet (Figure 3.6). They can also be used as 
relief inlets if the main culvert entrance becomes blocked. Risers require a relatively 
high embankment and are most commonly used where debris consists of flowing 
masses of clay, silt, sand, sticks, or medium floating debris without boulders.  They are 
vulnerable to impact damage and may be structurally unstable under high-velocity flow 
conditions. As with deflectors, an adequate area for storing the retained debris must be 
provided. 
 
(a)   (b)  
Figure 3.6 (a) Riser in basin with anti-vortex device on top   (b) Riser placed during  
initial construction of culvert provides relief in case the culvert entrance becomes plugged 








Debris cribs are open structures placed vertically over the culvert inlet to prevent inflow 
of coarse bedload and light floating debris (Figure 3.7). They are particularly useful for 
small-size culverts where course detritus is likely to be an issue. Cribs are similar to 
risers but can be almost enveloped without blocking the culvert. Due to the debris type 
and site conditions associated with cribs and risers, they appear to be the most 
consistently successful in producing efficient, maintenance-free installations. 
 
(a)   (b)  
Figure 3.7 (a) Debris crib of pre-cast concrete sections  (b) Redwood debris crib with 
spacing to prevent passage of fine material  (Bradley et al., 2005) 
 
3.6.5. Fins 
The orientation of debris relative to the direction of stream flow has a major impact on 
the potential for blocking the culvert entrance. Walls built into the stream channel 
upstream of the culvert can align debris, such as logs, with the axis of the culvert so that 
the debris will pass through the culvert barrel without clogging the inlet (Figure 3.8).  
Debris fins have been used most successfully with large culverts. If the fin is sloped 
upward toward the culvert, the debris that does not pass through the culvert can float 
upward and prevent debris from blocking the culvert inlet. As the height of fins 
generally does not exceed the height of the culvert they are ineffective once the culvert 
had become submerged.  
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(a)   (b)  
Figure 3.8 (a) Concrete debris fins with sloping leading edge as extension of culvert  
walls  (b) Combined installation of concrete debris fin and metal pipe debris riser (Bradley 
et al., 2005) 
 
3.6.6. Dam, basins and silt traps 
In addition to the problems caused by floating debris, sediment and dense debris carried 
in the bedload can cause significant blockage problems within a culvert. The amount 
entering the culvert can be reduced by construction of sediment dams or basins to trap 
the debris upstream of the culvert inlet (Figure 3.9).  The basin or dam should be 
located far enough upstream and the openings should be sized to allow the suspended 
sediment sufficient time to settle out prior to entering the culvert. These constructions 
are particularly effective in areas where heavy silt and/or sand loading occurs during 
flood events and velocity levels are not high enough to allow scouring of the streambed 
and culvert. However there must be adequate storage in the basin and the site must be 
easily accessible for to allow the sediment to be cleared.  
 
(a)  (b)  
Figure 3.9 (a) Screen protecting culvert with sediment trap upstream  (b) Diagram of 
sediment catch basin upstream of a culvert (FEMA, 2001). 
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3.6.7. Relief culverts 
Relief culverts located at the same site but above the flow line of the primary culvert 
offer an alternate route for the flow if the main culvert gets plugged. These culverts are 
also less likely to block due to deposition as they will only come into operation during 
high flows. This is not always a practical or economical option. 
 
3.7. Non-Structural Approaches to Debris Control 
3.7.1. Operation and Maintenance Routines 
The establishment of a maintenance regime is a fundamental part of the planning and 
design requirements for culvert screen installations. This needs to include plans for 
regular cleaning and disposal of the cleared debris and strategies for emergency 
response if the screen becomes blocked during a flood event. The owner needs to be 
aware of their responsibilities as failure to address maintenance issues has previously 
led to legal action (EA, 2009). 
A key consideration in any targeted programme of maintenance is whether the blockage 
is contributing to a real flood risk. In some situations the negative visual/public 
impression given by debris blockages can be greater than any potential impact on flood 
risk. A consistent assessment procedure is required to ensure the maintenance regime 
adopted is justified. Another important consideration is that many temporary blockages 
occur during flooding where the feasibility of removal is more limited. While operation 
and maintenance focuses on small, routine debris loads many racks are designed to 
handle periodic large volumes of debris and not all screens will be at equal risk from 
blockage. This difference can cause problems in ensuring the rack is cleared 
appropriately. Some form of prioritisation of the most ‗at risk‘ screens will increase the 
efficiency of the maintenance programme and help reduce potential flood risk. Work 
towards developing a predictive tool that will provide a means of ranking culverts in 
terms of blockage potential is currently ongoing (e.g. Wallerstein & Arthur, 2012). 
As noted in Section 2.10, the use of technology such as telemetry to routinely monitor 
at-risk screens or to automatically alert maintenance crews to potential problems can 
greatly enhance the efficiency of operation and maintenance programs.   
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3.7.2. Debris management plans 
Removal of debris from banks and the watercourse 
Focused maintenance on areas known to be a high risk for dumping can remove debris 
before it gets a chance to enter the watercourse. In addition, rapid clear up of natural 
debris from heavily wooded or parkland areas both after high winds and seasonally after 
leaf fall can significantly reduce the available material that could potentially block 
culvert trash screens. 
Once debris has entered the watercourse, trash collecting boats can be used to remove 
debris from larger rivers before it becomes a problem at downstream structures. For 
example, a boat with the capability of holding up to 3 tonnes of debris clears floating 
debris from the river Thames. The volume of debris routinely cleared requires the 
holding baskets to be emptied three to four times a day.  
 
Reducing anthropogenic generated debris 
Reducing domestic and large household refuse will have a significant impact in urban 
areas. This type of debris can reach the watercourse directly from residential areas or 
from known fly-tipping hotspots. Often this type of debris is only mobile under high 
flow conditions. This can result in a large volume of debris accumulating at a screen 
following heavy rainfall in the catchment. The public are often unaware of the risks 
from this type of debris and engaging with the local community to ensure they are 
aware of the potential consequences of dumping near the culvert or in the upstream area 
would be a useful step to potentially reducing the problem. The EA (2009) suggest a 
public awareness campaign targeted specifically at riparian owners may also reduce the 
debris load from domestic refuse.  
 Regular maintenance of the riparian environment to remove debris before it is 
transported downstream and increased monitoring of known fly-tipping sites will also 
reduce the problem. 
Large non-domestic refuse is often associated with industrial land.  Working with the 
site owner to ensure debris is secured to prevent it entering the watercourse or if 
necessary taking enforcing acting against the site owner may be an option (EA 2009). 
Alternatively a physical barrier can be put in place between the site and the watercourse. 
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However, it must be constructed in such a way as to ensure it does not compromise the 
flood flow capacity of the watercourse or prevent access for maintenance. 
 
Reducing natural debris   
LWD is important for river ecosystems as it provides food for organisms and its 
presence increases the physical diversity of the channel. Its removal can have serious 
environmental consequences. However, a heavy LWD load can increase the risk of 
flooding by causing wood jams (Young, 1991). Land management techniques now seek 
to achieve a debris load that is sufficient to sustain the ecosystem while minimising any 
risk resulting from debris transport and blockage of structures (e.g. Gippel, 1995; HEC, 
2006). 
While a reduction in small vegetation along the watercourse is unlikely to have a 
significant impact on the volume of debris arriving at a culvert screen, a reduction in 
large vegetation may have a significant impact. Small vegetation is most likely to be a 
hazard where there is a substantial contributing upstream length of the watercourse. The 
large vegetation load may be reduced by routine removal of debris from the watercourse 
and/or the management of upstream vegetation to reduce the volume of debris entering 
the watercourse. This will require cooperation between the culvert owners and riparian 
owners. Environmental aspects must be considered if large vegetation or woody debris 
is to be routinely removed from the river banks or watercourse as this may have a 
detrimental impact on the waters ecosystem (e.g. Gurnell et al., 2002; Wallerstein & 
Thorne, 2004). 
 
3.8. Research relating to debris control performance of trash screens 
3.8.1. Overview of research to date 
A number of studies have been undertaken looking at the use of trash screens for debris 
control (e.g. Ott et al., 1987; Strong & Ott, 1988; Abt et al., 1992; Lemon et al., 1999; 
Wahl & Einhellig, 2000; Katopodis et al., 2005; Ho et al., 2006; Padilla & Clark, 2008; 
Xiang et al., 2009, Clark et al., 2010). The majority of these investigations have focused 
on variations in screen discharge capacity, head loss across the screens, and the effect of 
the screen on turbine efficiency. Very few studies have been undertaken looking at 
screen performance in terms of debris blockage efficiency.  An investigation by Abt et 
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al. (1992) assessed the performance of a trash screen upstream of an inlet drop structure 
under supercritical flow conditions. They found that localised flooding occurred once 
approximately 41% of the screen had become blocked. In addition it was noted that the 
location of the blockage was important as blockages at the top of the screen due to 
floating debris had less impact than blockages at the base of the screen due to non-
floating debris. Experimental studies undertaken by Padilla & Clark (2008) and Xiang 
et al. (2009) were aimed at increasing the understanding of screen design for both debris 
removal and fish passage and assessed the efficiency of racks at trapping debris 
consisting mostly of Egeria, an aquatic plant. Although assessing different rack 
configurations and environments the general findings in both studies were that racks at 
lower angles are more efficient at trapping debris and racks with narrow bar spacings 
are more efficient at trapping debris than racks with wide bar spacings regardless of the 
angle of the rack.  
 
3.8.2. Need for further research 
Although considerable research has been undertaken looking at aspects of trash screen 
hydraulics (see Section 2.8) and debris deposition and accumulation (see Section 3.4) 
very few studies have considered the impact of debris blockage on trash screens. In 
addition, while the studies noted in the previous section assessed blockage at trash 
screens in open channels, currently no reported experimental assessment of trash 
screens at culvert inlets is available. Therefore in order to understand the performance 
of trash screens at culverts, there is a need to assess screen performance under the 
specific hydraulic conditions created by the restriction of flow through a culvert. The 
research reported in the following chapters aims to provide an assessment of screen 
performance under  these conditions  through the objectives listed in Section 1.6: the 
development of a physical model to represent a culverted watercourse, the use of the 
model to investigate the performance of various trash screen configurations, the 
development of an empirical relationship that defines blockage potential in terms of the 
influencing components, and assessing the impact of the findings on current screen 
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3.9. Chapter Summary 
Worldwide, a number of different classification systems for debris found in rivers have 
been defined. While there are minor differences between the systems they are all aimed 
at aiding better assessment of debris loads with a view to increasing the efficiency of 
debris management and control. 
Two main categories are defined: debris from natural sources and debris from 
anthropogenic sources. The volume of natural debris found in a watercourse depends on 
a number of factors such as location within the watercourse, land use, previous 
disturbance and prevailing weather conditions. Debris may have originated from 
overhanging or adjacent vegetation or may have blown in or been transported by 
overland flow. Anthropogenic debris may be the result of deliberate fly-tipping at 
known hot spots or through items from domestic, industrial, commercial or agricultural 
sources either intentionally or unintentionally arriving at a watercourse. 
During a flood, debris is swept into the watercourse from the surrounding area. The 
method of debris transport depends on various factors including the flood volume, 
discharge, channel characteristics, the size and geometry of the pieces relative to the 
channel width, orientation of the debris relative to the channel alignment, and the 
hydraulic characteristics and geometry of the banks and channels.  
Debris generally travels as individual pieces within a watercourse and while the general 
tendency is for debris to orientate itself parallel to the flow direction, it will rotate and 
realign as a result of eddies and vortices. This may influence the transport patterns of 
debris at and approaching both natural and artificial obstacles. 
Blockage probability is a function of three main factors: availability, probability of 
transport, and the probability of deposition and accumulation. Four mechanisms for 
debris accumulation and blockage at a culvert have been identified: sedimentation, 
blockage by floating debris, blockage by urban materials such as sheet metal or fences 
and total instantaneous blockage by large items. Both experimental and field studies 
have been used to assess the potential for debris deposition and accumulation at 
structures within a river most of which have focused on debris accumulation at bridges. 
Blockage of a culvert affects local hydraulic conditions, potentially most significantly 
raising upstream water levels and increasing flood risk. In addition there may be 
geomorphological, structural, social, economic and environmental implications. 
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There is a recognised need for debris control to prevent potential blockage and while a 
number of different structural and non structural approaches have been used there is 
little research available outlining the efficiency of different methods. 
Structural methods include the use of  deflectors; racks, screens or grilles; risers; cribs; 
fins; dams, basins and silt traps; and relief culverts. Non-structural methods include 
efficient operation and maintenance routines and debris management plans. 
A limited number of studies have been undertaken to assess the use of trash screens for 
debris control; these have generally focused on variations in screen discharge capacity, 
head loss, and the effect of the screen on turbine efficiency. Very few studies have 
considered screen performance in terms of debris blockage efficiency. In addition most 
of the research has considered screens in open channels. In order to understand the 
performance of trash screens at culverts, there is a need to assess screen performance 
under the specific hydraulic conditions created by the restriction of flow through a 
culvert. The research reported in the following chapters aims to provide an assessment 




Chapter 4  
4. Experimental Set up and Approach 
                                   
4.1. Introduction 
This chapter briefly reviews the historical use of models in hydraulic research before 
assessing modelling options currently available. It then justifies the selection of the 
approach adopted during this project before describing the set up of the physical model 
developed and used to carry out an extensive series of laboratory tests in order to meet 
the objectives outlined in Section 1.6. Finally, accuracy of the equipment used and an 
assessment of potential errors and limitations in the approach are discussed and, where 
possible, quantified. 
 
4.2. The Historical Use of Models in Hydraulic Research 
Early scale-model experiments, assessing the efficiency of waterwheels, were 
conducted by John Smeaton in the 1750‘s (Hughes, 1993) but the work of Froude in the 
late 1800‘s helped establish the role of model test predictions as valuable engineering 
tools (Vassalos, 1999). Although Peakall et al. (1996) note a number of early attempts 
to model fluvial and coastal processes (e.g. Thomson, 1879; Reynolds, 1887; Gilbert, 
1914), it was only after the development of dimensional analysis by Buckingham (1915) 
that scale modelling techniques in engineering were widely adopted (e.g. ASCE 1942; 
Murphy 1950). From the mid 1940‘s hydraulic scale models have played a key role in 
the design of hydraulic structures. Since then numerous modelling texts have been 
published and are widely available (e.g. Etema et al., 2000; Novak et al., 2010). 
 
4.3. Modelling Options 
In order to investigate site conditions or design structures or machines, the engineering 
hydraulics can be determined either through the application of pure theory or via 
empirical and modelling methods. Within hydraulic research the adoption of a purely 
theoretical approach is rare and tends to be restricted to limited cases where laminar 
flow dominates. All other methods are based to some degree on modelling. In the 
simplest terms, modelling can be described as the use of any method to represent a 
process. Ideally, this representation would accurately simulate all aspects of the process. 
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However, this is rarely achievable due to either insufficient understanding of all aspects 
of the process or because of the inherent complexity.  As a result, a model is almost 
always a simplified representation of a process. Although these simplified models 
cannot provide absolute answers, they can offer a means to improve understanding of a 
process.  
Models can be split into two categories: Mathematical and Physical. The Mathematical 
grouping includes mathematical, numerical and computational models. Physical models 
include hydraulic and analogue models, both of which can be considered as scale 
models. 
 
4.3.1. Mathematical, numerical and computational modelling 
Mathematical models use algebraic and differential equations to represent processes and 
interactions. They are based on assumptions about the physics of the processes and the 
environment that sets limits to the application of the model. Numerical models are 
approximations of mathematical models. Both these model types offer solutions to 
general situations. 
Computational models are implementations of numerical models using a computer 
system and specific data. Hotchkiss et al. (2008) compare a number of packages that are 
available for a variety of hydraulic engineering problems. Some example packages that 
can be used to model culvert and debris screen hydraulics include ISIS, HEC-RAS, 
MIKE11, Hydro, Hydrocalc Hydraulics, XPSWMM, and Culvert Master. Methods and 
software to estimate water levels in channels and at bridges and culverts have also been 
developed by UK operating authorities involved in flood risk management. These are 
the Conveyance Estimation System (CES) and Afflux Estimation System (AES) (EA, 
2009). The CES is a comprehensive software package that allows the user to estimate 
the flow capacity of any channel reach using details of dimensions, form and vegetation.  
AES is a package designed to allow estimation of the hydraulic impact of a bridge or a 
culvert on a watercourse including any increases in water level upstream due to 
constriction. An integrated software package incorporating both the CES and AES 
systems, The Conveyance and Afflux Estimation System (CES/AES), differs from other 
tools in that it is based on a combination of appropriate modelling methods and also on 
new analysis using contemporary laboratory data and field measurements and allows 
estimation of water levels in rivers, watercourses and drainage channels that contain 
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bridges or culvert crossings. The CES/AES software has also been integrated into the 
1D river-modelling packages, ISIS Flow and InfoWorks RS (HR Wallingford, 2009). 
However there are still limitations to the CES/AES systems as they do not effectively 
handle unsteady flows, looped river systems or currently all allow modelling of trash 
screens, complex culvert layouts or blocked culverts or screens. In a review of roles of 
computational models in the Environment Agency‘s flood defence activities, Samuels 
(2004) reports that there is ―...a need to automate the representation of blockage of 
structures by debris, preferably transient rather than permanent to facilitate probabilistic 
risk analysis of the effects of blockage‖. While the review notes that commonly used 
commercial 1D modelling tools such as HEC-RAS, HYDRO-1D, ISIS and MIKE11 
have the capability of modelling trash screens through manual blockage estimation, the 
impact of blockage is generally assessed by reducing the cross sectional area of the 
culvert inlet through the modelling of a sluice gate at the culvert entrance. This has the 
advantage of allowing the impact of varying degrees of blockage to be modelled. 
HYDRO-1D and ISIS do have the capability of modelling trash screens over the faces 
of a culvert and allow the user to specify both the geometry and proportion of the screen 
blocked by debris (Samuels, 2004). A review of the existing CES/AES packages 
indicates that there are plans to include handling of trash screens in later versions (HR 
Wallingford, 2009).    
 
4.3.2. Physical models 
Hughes (1993 pp 9-10) defines a physical model as, ―... a physical system reproduced 
(usually at a reduced size) so that the major dominant forces acting on the system are 
represented in the model in correct proportion to the actual physical system.‖ 
Physical models allow a problem to be observed under more controlled conditions than 
field tests would allow and therefore can provide valuable information to help build, 
calibrate and validate theoretical or empirical models. Processes can be observed, 
usually in a reduced time-frame, within a controlled and manageable environment. 
While simplified, the results produced are generally considered more reliable and 
credible than those resulting from field tests. They also allow for a wider range of data 
to be gathered than is usually possible from field tests and the data collection is 
generally easier and cheaper. Physical models may also allow incorporation of variables 
which are not known in advance and which may have markedly non-linear effects on 
flow dynamics or morphology. They can also be used to assess unique conditions 
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caused by complex boundary conditions and site specific geometries. Design problems 
for these conditions may not be practically solvable by theory or standard reference data 
so often physical modelling, either alone or combined with numerical modelling, can 
offer a solution. 
However, in comparison to computer based modelling, there are a number of possible 
disadvantages with physical modelling. Physical models are often more expensive both 
in time and cost than computer models, other limitations include: scale effects; over 
simplification and abstraction from reality; and cost issues involving space, time, 
personnel resourcing and equipment. Simplification of some model components can aid 
the scaling process.  
An ideal model achieves similitude with the prototype. Model similitude can be 
established using a number of different methods (Hughes, 1993): 
 By differential equations 
 By dimensional analysis 
 By scale series 
The requirements for similitude will vary depending on the problem under investigation 
and the required results. Complete similitude requires the model to be geometrically, 
kinematically and dynamically similar to the prototype. A model and prototype are 
geometrically similar when all dimensions in all 3 coordinates have the same linear 
scale ratio (Figure 4.1) 
 
Figure 4.1 Illustration of geometric similarity between model and prototype 
 
Kinematic similarity is the similarity of time as well as geometry. It exists between 
model and prototype if the paths of moving particles are geometrically similar and if the 
ratios of the velocities of particles are similar. Dynamic similarity exists when the 
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model and the prototype have the same length scale ratio, time scale ratio, and force 
scale ratio. In an ideal model every variable would be perfectly scaled; however, it is 
rarely possible to fulfil this requirement. In physical models involving fluid flow it is 
not usually possible to have simultaneous equality of all the force ratios required for 
true dynamic similarity: Reynolds number (Re), a dimensionless number that gives a 
measure of the ratio of inertial forces to viscous forces; Froude number (Fr), the ratio 
between the flow velocity and the speed of a wave in shallow water; Mach number, an 
expression of the ratio of the speed of an object moving through a fluid and the local 
speed of sound; and Weber number, a dimensionless number that represents the relative 
importance of a fluid's inertia compared to its surface tension. For example, complete 
similarity cannot be achieved in a scaled model in which both Fr and Re are relevant if 
water is the liquid in both the prototype and model, a full scale model would have to be 
used to achieve the required similarity. As a compromise, the scaling is generally based 
on the dominant force.  
 
4.4. Selected Approach 
In free surface flows, such as those encountered in culverted waterways, gravitational 
forces dominate and so the most important of the force ratios is Fr. In physical models 
representing this type of environment, matching the model and protoype flow Re 
number is therefore generally less critical as long as a fully turbulent flow regime (Re > 
2000) is achieved and Fr approaches equality between model and prototype. Allowing 
some variation of Re from prototypical values allows more flexibility in the model 
scaling than variation in Fr. This technique is known as Froude scale modelling (FSM) 
and has been used successfully in movable-bed modelling and also in fixed-bed 
modelling of flow interaction with artificial structures such as spillways, conduits and 
breakwaters (e.g. French 1985; Wallerstein et al., 2001; Novak et al., 2010) and so was 
considered an appropriate approach for the purposes of the experimental analysis 
undertaken during this project. Table 4.1 shows the relationship between prototype and 
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Table 4.1 Froude scaling ratios (r) between prototype (p) and model (m) 
Factor Ratio 
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4.5. Development of the Physical Test Rig 
A flume facility located within the School of the Built Environment at Heriot-Watt 
University was used to build a Froude scaled physical model to perform the 
experimental tests. The flume was 22m long, 0.75m wide and 0.5m deep with a variable 
bed-slope (Figure 4.2a).  The initial flume slope was set at 0.006 which is representative 
of many river regimes within the UK and is comparable with slopes used in other flume 
experiments that examined debris transport (for example Bocchiola et al. 2006a, 
2006b). 
The flume walls were constructed from glass and the raised floor of the flume from 
marine plywood. The floor of the flume was raised to allow the culvert invert to be set 
flush with the channel bed which is typical of the majority of culvert installations. A 
circular culvert was built within this structure 8.25m downstream of the water inlet to 
allow flow conditions to stabilize before reaching the culvert. The culvert was made 
from a section of uPVC pipe 0.3m in diameter and 2m long. The culvert inlet had a 
headwall made from a sheet of 1cm thick smooth plastic which was vertical and set 
flush with the inlet orifice (Figure 4.2b). This structure was scaled to represent a 
prototype circular culvert situated in a straight watercourse with consistent roughness 
and a flow approach in line with the inlet. A trash screen was constructed that could be 
placed at various angles (20 to 80 degrees) over the culvert inlet. The screen was 
constructed from rectangular cross section (0.003m × 0.012m) steel bars. Each 
individual bar was moveable so that a variety of bar spacings could be achieved at each 
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screen angle (Figure 4.2c). The original test rig construction required the screen to be 
attached to the culvert head wall. While this position met all the requirements of the 
initial testing, for later phases of testing an enhancement was made to the set up which 
allowed the screen to be placed at various positions upstream of the culvert inlet. 
Schematic diagrams indicating the position of the culvert within the flume, the locations 
velocity and depth were recorded and positions of the trash screens are shown in Figure 
4.3. Table 4.2 details the geometric dimensions of the model and prototype. 
The water supply to the flume was provided via a gravity fed pipe from a constant head 
tank and passed into the flume through a stilling tank. The flow rate of water entering 
the flume was controlled via a discharge valve. On exiting the flume the water passed 
into a holding tank sufficiently far downstream to ensure there was no relevant back 
water effect and was then pumped back up to the constant head tank and re-circulated. 
 
(a)  
(b)    (c)  
Figure 4.2 (a) Flume (b) Model Culvert and headwall (c) Model Trash screen 
 











Figure 4.3 Physical Model Schematic showing positin of culvert within the flume, locations 
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Table 4.2 Froude scaled dimensions for model and prototype 
 
Model  Prototype  
Channel width (m) 0.750 2.500 
Upstream reach (m) 8.250 27.500 
Downstream reach (m) 15.500 51.670 
Initial channel slope (m/m) 0.006 0.006 
Culvert length (m) 2.000 6.667 
Culvert diameter (m) 0.300 1.000 
Bar cross section (m) 0.003 × 0.012  0.010 × 0.040 
Bar spacing (1) (m) 0.030 0.100 
Bar spacing (2) (m) 0.040 0.133 
Bar spacing (3) (m) 0.050 0.167 
Bar spacing (4) (m) 0.060 0.200 
Bar spacing (5) (m) 0.080 0.267 
Bar spacing (6) (m) 0.100 0.333 
Bar Spacing (7) (m) 0.150 0.500 
 
The aim of the experimental assessment was to determine the influence of aspects of a 
trash screen positioned at the culvert inlet. To retain the focus on flow conditions at the 
inlet, the culvert was allowed to operate under inlet control conditions for the entire 
range of experiments.  A Froude similarity approach was taken which allowed a 
relaxation in Reynolds number. However, viscous forces can be influential in scale 
models so to minimise potential errors resulting from viscous effects, the flume slope 
and discharges were selected such that turbulent sub-critical flow was maintained 
upstream of the culvert inlet. Elastic effects are very small in water and so no detailed 
consideration was given to scaling Mach number. Steady flow conditions were adopted, 
a compromise to most prototypical conditions but this approach was utilized in order to 
constrain the potential complexity of the model so that the impact of the controlling 







/s). The two lower discharges were selected to 
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represent a low flow where water depth at the culvert inlet was 25 percent of the culvert 
diameter and a moderate flow with a water depth at the inlet of 50 percent of the culvert 
diameter. The third discharge represented a relatively high flow with water depth at the 
inlet of 63 percent of the culvert diameter. Ideally a higher discharge would have been 
used but a discharge of 0.035m
3
/s was the highest, repeatable, steady flow that could be 
achieved with the experimental test rig. Table 4.3 summarises the hydraulic conditions 
used during the testing with the prototype equivalents, calculated using the ratios 
defined in Table 4.1, shown in brackets. 
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While the range of prototype conditions represented by the experimental discharges is 
relatively small, they allow simulation of flow environments in a small channel 
representative of baseflows, small storm events and also flows resulting from early 
runoff from medium and large storm events. The data gathered using this range of 
conditions will not necessarily reflect how screens operate under more extreme flood 
conditions. However, in order to understand the full extent of screen performance it was 
considered important to first establish how screens perform under normal operating 
conditions. The findings of the research detailed in this and the following chapters can 
then be used to help refine future programmes of research aimed at assessing screen 
performance under flood conditions. 
The discharge was varied by adjusting the control valve at the inlet. Discharges were 
estimated using Equation 14 where Q is discharge (m
3
/s), V is flow velocity (m/s) and 
A is cross sectional area of the channel (m
2
). 
Q = VA                                                                                                                        (14) 
Flow velocities were measured midstream using a high-resolution acoustic doppler 
velocimeter (ADV): a side-looking, fixed-stem Nortek Vectrino. To determine average 
upstream flow velocities, velocity readings were taken at six locations positioned at 5m 
intervals between points 1.75m and 4.25m upstream of the culvert inlet (see Figure 4.3). 
This stretch of channel was used to reduce any impacts resulting from turbulence as 
water entered the flume or from flow restrictions at the culvert inlet. Depth (d) was 
measured at the same six locations using a point gauge. To account for turbulent flow, 
10 depth readings were taken over a five minute period and an average value was used. 
Velocities were measured at a water depth 0.6d from the surface. This one point method 
for estimating depth averaged velocity is commonly used where water depth is less than 
one metre (Hershey, 2009). At each of the six locations (Figure 4.3) the velocity was 
recorded at a frequency of 25Hz over five minutes and an average value was calculated 
to estimate the velocity for that location. A depth averaged velocity was then calculated 
for the upstream reach by averaging the values for the six individual locations. The 
velocities and depths were measured twice daily for the first two weeks of testing. This 
showed that comparable values for velocity and depth were recorded on each occasion a 
given discharge was used. Depth at a set point in the flume, 3.25m upstream from the 
culvert inlet, was thereafter used as means of establishing the required discharge for 
each test. Additionally, velocities were checked using the ADV weekly or whenever 
changes to the test rig were made. 
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Once the required water level at the culvert inlet was established, the flow was allowed 
to stabilize and achieve a steady state before any testing was undertaken.  
 
4.6. Test Debris Characteristics and Testing Methodology 
The focus of the testing was on the influence of screen design on blockage potential. To 
reduce the impact of factors specifically relating to the debris, pieces of straight wooden 
dowel were used to represent woody debris with a simple geometry. Ten different 
debris lengths (Table 4.4) were used to assess blockage. This range of debris lengths 
was selected as field observations that suggest that, in general, channels with naturally 
eroding banks tend to be able to actively transport buoyant debris which is not more 
than half the channel width (Braudrick et al., 1997) and consequently this condition was 
replicated in the flume by selecting a maximum debris length of 0.35m. 
 
Table 4.4 Froude scaled debris for model and prototype 
 
Model (m) Prototype (m) 
Debris length (1)   0.025 0.083 
Debris length (2)   0.050 0.167 
Debris length (3)   0.075 0.250 
Debris length (4)    0.100 0.333 
Debris length (5)   0.150 0.500 
Debris length (6)   0.200 0.667 
Debris length (7)   0.275 0.917 
Debris length (8)   0.300 1.000 
Debris length (9)   0.325 1.083 
Debris length (10)   0.350 1.167 
 
For each assessment, each length of debris was tested 100 times to minimise the 
potential for sampling error, therefore 1000 debris passes (100 repetitions of 10 lengths) 
were made for each test case.  
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Individual pieces of dowel were introduced into the flow 5m upstream of the point of 
intersection of the screen and the water surface. The dowel pieces were dropped end on 
from a height of 0.25m, into the mid-channel. This technique was used as initial trials 
prior to testing had identified it as the method most likely to result in random initial 
orientation of the debris.  During the initial trials which were undertaken to evaluate the 
methodology,  it was found that dowel dropped end on into the channel entered the 
water vertically but then assumed various positions and orientations that appeared to be 
random. Some pieces tipped to travel immediately parallel to the flow direction, some 
tipped to travel immediately perpendicular to the flow direction, while others assumed 
an orientation between these extremes. Additionally, a number of pieces ‗bounced‘ 
away from the midstream point of entry to travel either on the left hand side or right 
hand side of the channel. On occasions the dowel would very quickly reach the channel 
sides and become stuck against the sidewalls. These pieces of debris were not counted. 
While it is acknowledged that dropping all the debris mid-channel potentially resulted 
in more debris pieces being transported in the centre of the channel, any potential bias in 
blocking was considered to be not significant due to the observed variation in initial 
debris orientation. Once successfully introduced to the flow, each piece of debris was 
allowed to travel downstream independently. A piece of debris was considered to have 
blocked the screen if it bridged two or more bars (Figure 4.4), was balanced across a 
single bar (Figure 4.5), or was wedged between two bars or between the bars and either 
the sidewalls or headwall (Figure 4.6). 
 
         
Figure 4.4 Debris bridged across screen bars  
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 Figure 4.5 Balanced debris                                  Figure 4.6 Wedged debris     
 
Where a piece became blocked by the trash screen it was removed before the next piece 
arrived. The number of pieces of each length of debris that were blocked was recorded. 
A net placed across the flume downstream of the culvert outlet was used to retrieve 
debris pieces that passed through the screen. Properties of the dowel debris used during 
testing are given in Table 4.5. 
 
Table 4.5 Properties of test debris 




Diameter (m) 0.004 
 
 
4.7. Potential Errors and Uncertainties 
4.7.1. Scaling issues 
Although the forces associated with surface tension and elastic compression are 
relatively small there may be some inherent error due to the scaling issues with physical 
properties of water such as density, surface tension and compressibility. The dowels 
used were selected as they were made from the lowest available density wood to 
minimise problems caused by scaling however, there may also be some errors 
associated with the scaling of the physical properties of the wood used for debris. 
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4.7.2. Measurement of velocity and discharge 
Flow velocities were measured using a high-resolution acoustic doppler velocimeter 
(ADV); a side-looking, fixed stem Nortek Vectrino. The published accuracy of velocity 
readings using the Vectrino are ± 0.5% of measured value ± 1mm/s.   
The cross sectional area was calculated as the depth of the water at the point of velocity 
sampling multiplied by the width of the flume (0.75m). Slight variations in the depth of 
the water over the width of the flume channel along with minor inaccuracies in 
determining the point of contact of the depth point gauge with the water surface will 
have resulted in potential errors in the calculated area. The potential inaccuracies in 
calculated area and measured velocities were minor and unlikely to have a significant 
impact on the final velocity and discharge values used during the analysis. 
 
4.7.3. Selected test sample size 
During testing each length of debris was tested 100 times to try and minimise sampling 
error. To assess whether 100 repetitions was an appropriate number of samples to use an 
initial test was undertaken for one bed slope, discharge, and screen angle. A trial run of 
100 debris passes was undertaken for 3 debris lengths and 3 bar spacings and the results 
were then compared against the average value from a further nine sets of 100 debris 
passes to see if there was a significant difference between results for the percentages of 
debris blocked.  For all bar spacings and debris lengths assessed there was no significant 
difference (at p = 0.05) between the value of percentage debris blocked during the trial 
run and the average of nine tests (Table 4.6). 100 repetitions was therefore considered to 
give a reliable value and suitable for the proposed testing. Full details of the sample size 
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blocked from 9 







0.04 0.050 77 76.2 -2.101 2.306 No 
0.04 0.200 30 30.1 0.197 2.306 No 
0.04 0.325 30 29.0 -1.809 2.306 No 
0.06 0.050 93 93.2 0.316 2.306 No 
0.06 0.200 36 34.3 -2.163 2.306 No 
0.06 0.325 32 32.1 0.155 2.306 No 
0.10 0.050 96 96.3 0.632 2.306 No 
0.10 0.200 52 52.6 1.512 2.306 No 
0.10 0.325 44 42.8 -2.219 2.306 No 
 
 
4.7.4. Testing plan and execution 
A number of operational factors may have had an impact on the testing; these include 
slight variations in flow conditions during the duration of a testing session, changes in 
water temperature, changes in the efficiency of test execution during the course of a 
testing session, and the saturation levels of the wooden dowel. To minimise any errors 
resulting from these factors the order in which each bar spacing and each debris length 
was tested was selected at random, this ensured that the same bar spacing and debris 
length were not always tested at the same point during each session. In addition, the test 
sessions were not always started at the same time of day or on the same day of the week 
in order to minimise any potential background environmental influences such as 
changes in water temperature, power fluctuations, dowel saturation levels and tester 
effficiency. Ideally, the testing plan would have randomly selected the slope, angle and 
discharge as well as the bar spacing and debris length. However, due to the set up time 
required, each slope, angle and discharge combination was tested for all bar spacings 
and debris lengths before being changed to the next slope, angle and discharge 
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combination. To minimise potential errors that may have resulted from fluctuations in 
the flow rate and pattern, on selection of the required discharge, conditions were 
allowed to stabilise for 15 minutes before any testing was undertaken. Fifteen minutes 
had been identified during pre-test trials as an appropriate length of time to establish 
stable conditions.  
 
4.7.5. Use of dowel to represent debris 
To minimise potential scaling issues with complex geometries, dowel was used to 
represent woody debris. The use of dowel to represent wooden debris was recognised as 
a simplification that may have resulted in considerable under estimates of blockage as 
they did not replicate the effect of root wads or branches which may have altered both 
debris transport (see Chapter 3) and passage through the screen. However, the use of 
dowels to represent woody debris has been considered a suitable approach for a number 
of studies into debris transport in rivers. This is because length and diameter or buoyant 
depth are considered the main characteristics influencing woody debris transport and 
accumulation with shape, texture and roughness being secondary factors (e.g. Cherry & 
Beschta, 1989; Van Sickle & Gregory, 1990; Braudrick & Grant, 2000, 2001; 
Wallerstein et al., 2001; Bocchiola et al., 2006a, 2006b). Although cylindrical dowel is 
not representative of more complex woody debris geometry, it does offer a reasonable 
representation of non-rooted, defoliated, cylindrical logs that may often occur in rivers 
as a result of wood harvesting and maintenance, or as a result of forest fires (Rulli et al., 
2006; Rosso et al. 2007). In addition woody debris from coniferous sources typically 
has a cylindrical non-branching geometry. The use of natural twigs has also been used 
in some physical modelling studies (e.g. Lyn et al., 2003) and can offer a more realistic 
representation of debris. However, natural twigs were considered inappropriate for the 
planned testing as, although the use of complex geometries inherent in natural debris 
was felt to be a useful tool, particularly in qualitative studies, it presented a number of 
difficulties in clearly defining dimensions and in sourcing sufficient suitable material to 
allow model tests to be repeatable with the same debris characteristics. Importantly, the 
use of uniform debris made it easier to independently assess the influence of aspects of 
screen design on blockage and maintain the focus on screen structure and not debris 
type. 
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4.8. Chapter Summary 
Scale models have an important role in the assessment and design of hydraulic 
structures.  Modelling approaches can be based on mathematical or physical models. 
Mathematical models which include numerical and computational models allow 
simulation of a number of general conditions and a number of different packages are 
available for a variety of hydraulic processes. These include packages that can be used 
to model culvert and trash screen hydraulics although they are currently limited to 
representations of simple systems. Physical models, although potentially more 
expensive in cost and time than computational models, allow specific problems to be 
observed under controlled conditions. The results of physical modelling can be applied 
to prototype situations as long as there is appropriate similitude with the model.  
The research detailed here used Froude Scale modelling to ensure similitude. A model 
culvert at 30 percent geometric scale was constructed in a flume which represented a 
straight water course. A variable configuration screen was constructed that could be 
placed at different positions upstream of the culvert inlet. A number of configurations 
were assessed using ten different lengths of dowel to represent woody debris. Each 
piece of debris was allowed to travel independently along an open channel towards a 
culvert protected by a trash screen and the percentage of debris pieces that became 
blocked by the screen was recorded.   
A number of steps were taken in order to minimise potential errors including using 100 
debris passes for each length and randomly selecting the order in which each bar 
spacing and debris length was tested. The resulting experimental uncertainties were not 
found to have a significant impact on the overall accuracy of the methodology. 
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                    Chapter 5                                
5. Results and Initial Analysis 
5.1. Introduction 
This chapter presents analyses of the results obtained from the experimental 
investigations into the influence of trash screen configuration on blocking potential. The 
methodology used to assess individual screen components under different discharges is 
described and the results obtained are presented.  At the conclusion of each phase of 
testing the results are then analysed and conclusions are drawn.  
 
5.2. The Influence of Bar Spacing, Screen Angle and Discharge 
5.2.1. Overview 
The objective of the first phase of testing was to assess the experimental model set-up 
while carrying out an initial investigation of the relationship between the degree of 
blockage, screen angle, bar spacing and discharge. A summary of the elements and 
conditions assessed during these initial tests are shown in Table 5.1. 
 















3 7 3 63 63000 
 








The range of bar spacings tested (0.03m, 0.04m, 0.05m, 0.06m, 0.08m, 0.1m, 0.15m) 
was designed to represent prototypical values ranging from 0.1m to 0.5m (See Table 
4.2). A prototype minimum of 0.1m was used as it lies just below the recommended 
maximum bar spacing for culvert access security screens (0.12m) (EA, 2009) and the 
maximum selected such that the screen would comprise a minimum of at least one bar 
across the culvert orifice.  
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The current recommendation for screen angles in the UK is between 45 and 60 degrees 
to facilitate maintenance and effective trash removal (EA, 2009). In the model three 
angles were tested, 45 and 60 degrees in order to replicate the extremes adopted for 
most prototypical screens in the UK and a lower angle of 30 degrees to determine as to 
what degree the construction of a prototypical screen with an angle outside the 
recommended range might compromise the screen function. An angle of 30 degrees was 
selected as it offered the opportunity for an increased screen area when compared to 
screens at 45 or 60 degrees fixed at the same point on the culvert headwall. Screen 
angles were measured from the channel bed (Figure 5.1). 
 
 
Figure 5.1 Screen angle 
 
5.2.2. Results 
Full details of the results obtained during the initial testing can be found in Table B.1, 
Appendix B.  
The results are summarised in Figures 5.2 to 5.6 which show the percentage of pieces of 
debris blocked for each test case. Each test case represents a different combination of 
screen angle, bar spacing and discharge.   
In the plots shown in Figures 5.2 to 5.4, the percentage debris blocked is shown as a 
contoured surface with bar spacing (S) on the x-axis and debris length (L) on the y-axis. 
The contoured surface represents the relationship of S and L with the percentage of 
debris pieces blocked (D). Interpolated isolines of equal D at 10 percent intervals are 
marked as black contour lines.  
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 (a)  
(b)  
(c)  
Figure 5.2 Contour plots showing percentage of debris pieces blocked at discharge of 
0.005m
3
/s for screen angles of (a) 30 degrees, (b) 45 degrees, (c) 60 degrees. Interpolated 
isolines of equal blockage at 10 percent intervals are marked as black contour lines. 
 






Figure 5.3 Contour plots showing percentage of debris pieces blocked at discharge of 
0.021m
3
/s for screen angles of (a) 30 degrees, (b) 45 degrees, (c) 60 degrees. Interpolated 
isolines of equal blockage at 10 percent intervals are marked as black contour lines. 
 






Figure 5.4 Contour plots showing percentage of debris pieces blocked at discharge of 
0.035m
3
/s for screen angles of (a) 30 degrees, (b) 45 degrees, (c) 60 degrees. Interpolated 
isolines of equal blockage at 10 percent intervals are marked as black contour lines. 
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The plots shown in Figures 5.2 to 5.4 show similar general patterns of blockage for all 
discharges and screen angles tested.  However some plots show ‗islands‘ of higher 
blockage in addition to the general trends (Figure 5.5).  
 
 
Figure 5.5 Example contour plot showing islands of higher blockage 
 
These apparent areas of higher blockage generally do not represent significant increases 
in blockage for a particular debris length and bar spacing combination. They reflect a 
small difference of a few percent, for example from 59% to 61% but as the contours are 
at 10% intervals they appear in a different blockage zone. However, in some cases, an 
individual result did give a significantly higher blockage than the general trend, which 
contributed to the occurrence of the raised blockage islands. For example, a blockage 
rate of 74% was recorded for debris of length 275mm when bar spacing was 60mm, 
screen angle was 45 degrees and discharge was 0.005m3/s, one of the results underlying 
the plot shown in Figure 5.2b. This was approximately 10% higher than the general 
trend for these conditions. These ‗outlier‘ results did not occur so frequently, or differ 
from the general trend by such amounts that they suggested there may be an 
unidentified underlying process at work or that the general trend was not an appropriate 
representation of the pattern of blockage. It is most likely that they represent the 
extremes of the inherent variation in the testing process. 
As can be seen from Figures 5.2 to 5.4, under all conditions blockage increased as 
debris length increased and the percent blocked varied depending on the debris length to 
bar spacing ratio (L:S). Where L:S is approximately 2 or less, there appears to be a 
consistently almost linear relationship (Figure 5.6). Where L:S is greater than two, the 
Islands of  
higher blockage 
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relationship is much more variable and noticeably less dependent solely on debris 
length.  At these ratios, orientation of the debris was observed to be much more 
significant in determining whether the pieces became trapped by the screen. 
 
 
Figure 5.6 Example contour plot showing change in direction of trend with increasing 
debris length to bar spacing ratio (L:S). 
 
One other noticeable feature of these plots is highlighted in Figure 5.7. The plots for 
screens at 60 degrees, and to a lesser extent for screens at other angles, show less 
blockage for a given bar spacing for debris lengths of 350mm than for lengths of 
325mm. This reduced blockage for the longest debris lengths is not what was expected 
and is unlikely to reflect the start of a trend of reducing blockage with increasing length. 
The results may have been influenced by the 0.35m lengths having a greater tendency to 
enter the water parallel to the flow direction which would have facilitated their passage 
through the screen.  
 
 
Figure 5.7 Example contour plot showing decrease in blockage for debris lengths greater 
than approximately 325mm. 
 
L:S = 1:1 
L:S = 2:1 
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The use of contour graphs offers a useful visualization tool for assessing independently 
the influence of bar spacing and debris length. However, as only one set of results can 
be easily visually represented on a single contour plot, to facilitate the comparison of 
results across all angles and discharges the percentage of debris pieces blocked were 
also assessed directly against the ratio of debris length to bar spacing (L:S) (Table 5.2) 
as this allows a direct visual comparison of the trends of blockage between different 
discharges or screen angles (see Figures 5.8 and 5.9).  
 
Table 5.2 Debris length to bar spacing ratios used during testing 
Bar spacing 
(S) (m) 
Debris element lengths (L) (m) 
0.025 0.050 0.075 0.100 0.150 0.200 0.275 0.300 0.325 0.350 
Test case (L:S) 
0.03 0.83 1.67 2.50 3.33 5.00 6.67 9.17 10.00 10.83 11.67 
0.04 0.63 1.25 1.88 2.50 3.75 5.00 6.88 7.50 8.13 8.75 
0.05 0.50 1.00 1.50 2.00 3.00 4.00 5.50 6.00 6.50 7.00 
0.06 0.42 0.83 1.25 1.67 2.50 3.33 4.58 5.00 5.42 5.83 
0.08 0.31 0.63 0.94 1.25 1.88 2.50 3.44 3.75 4.06 4.38 
0.10 0.25 0.50 0.75 1.00 1.50 2.00 2.75 3.00 3.25 3.50 
0.15 0.17 0.33 0.50 0.67 1.00 1.33 1.83 2.00 2.17 2.33 
 
The plots in Figures 5.8 and 5.9 show clear relationships between the percentage of 
debris pieces blocked (D) and the debris length to bar spacing ratio. Using the R
2
 
regression coefficient as a measure of goodness of fit, these relationships were best 
fitted by logarithmic functions with high R
2
 regression coefficients ranging from 0.85 to 
0.90.  The functions and R
2
 regression coefficients associated with these graphs are 
detailed in Table 5.3.  
A paired t-test analysis was undertaken to determine whether there was a statistically 
significant difference in the percentage of blockage found in different test cases and the 
results are summarised in Tables 5.4 and 5.5. 
 
 






Figure 5.8 Graphs showing comparison of percentage of debris pieces blocked (D) at 
different screen angles when discharge is: (a) 0.005m
3
/s,  (b) 0.021m
3
/s,  (c) 0.035m
3
/s. 
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Debris Length to Bar Spacing Ratio (L:S) 




































Debris Length to Bar Spacing Ratio (L:S) 











Figure 5.9 Graphs showing comparison of percentage of debris pieces blocked (D) for 
different discharges when screen angle is: (a) 30 degrees, (b) 45 degrees, (c) 60 degrees. 
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Table 5.3 Equations and corresponding R
2
 regression coefficients for  






(degrees) Trend function R
2
 
 0.005 30 D=26.09ln(L:S) + 27.31 0.89 
 0.005 45 D=25.88ln(L:S) + 27.46 0.87 
 0.005 60 D=26.54ln(L:S) + 23.45 0.90 
 0.021 30 D=25.40ln(L:S) + 27.21 0.86 
 0.021 45 D=25.31ln(L:S) + 24.76 0.87 
 0.021 60 D=23.96ln(L:S) + 18.55 0.87 
0.035 30 D=27.14ln(L:S) + 26.16 0.85 
0.035 45 D=23.61ln(L:S) + 24.65 0.87 
0.035 60 D=23.66ln(L:S) + 17.51 0.86 















30 0.005 0.021 0.73 No 
30 0.005 0.035 0.36 No 
30 0.021 0.035 -0.34 No 
45 0.005 0.021 3.88 Yes 
45 0.005 0.035 5.13 Yes 
45 0.021 0.035 2.05 Yes 
60 0.005 0.021 8.10 Yes 
60 0.005 0.035 8.11 Yes 
60 0.021 0.035 1.85 No 
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0.005 30 45 0.02   No 
0.005 30 60 3.94 Yes 
0.005 45 60 3.92 Yes 
0.021 30 45 3.53 Yes 
0.021 30 60 11.09 Yes 
0.021 45 60 9.78 Yes 
0.035 30 45 4.64 Yes 
0.035 30 60 10.28 Yes 




 regression coefficients for the plots shown in Figures 5.8 and 5.9 (see Table 
5.3) suggest that the trends shown are a good fit to the experimental data. However, a 
noticeable feature of the experimental data is its asymptotic behaviour as L:S becomes 
large and this is perhaps not particularly well reflected in the selected trends which 
show a more sustained increase in blockage as L:S increases. Further experimental 
investigation looking at the same screen configurations with longer debris lengths 
would help to clarify blockage behaviour at higher ratios. Nonetheless, the trends 
represent the general blockage patterns found across all configurations assessed and can 
still offer a useful mechanism for comparison of performance between different 
configurations. 
In addition to the general slight overestimation of blockage at high L:S, there are some 
other more specific deviations from the trends, a number of which are common to all the 
plots. A range of blockage percentages were recorded during testing for a single L:S.  
This is evident in all the plots and highlighted in Figure 5.10.  
 




Figure 5.10 Example plot showing variation in blockage for a single debris length to bar 
spacing ratio. 
 
It is particularly noticeable where L:S is 2.5 which is partly due to there being more 
debris length to bar spacing combinations that result in a 2.5:1 ratio. The higher 
percentages of blockage were recorded for the shorter debris lengths. This was found to 
be the general pattern where a range of blockage percentages were recorded for a single 
L:S greater than around 1.5. 
Another feature of all the plots shown in Figures 5.8 and 5.9 is a group of results 
showing a percentage blocked noticeably above the general trend. As can be seen from 
the example plot shown in Figure 5.11 this group occurs where L:S is between 2 and 4.  
A number of the plots also show that the blockage recorded where L:S  is large, greater 
than about 8, was generally lower than the general trend. The trend indicates a gradual 
increase in blockage as L:S increased. However, under some conditions the 
experimental data showed a drop in the percentage of blockage once L:S had reached 
10. This is illustrated for an example plot in Figure 5.11. This reduction in blockage 
reflects the patterns shown in Figure 5.7 and as previously noted this apparent trend for 
increasingly reduced blockage at higher L:S is not what was expected and is unlikely to 

































Debris Length to Bar Spacing Ratio (L:S) 








For all the screen angles and discharges assessed, as can be seen in Figures 5.8 and 5.9, 
there was a clear relationship between the percentage of debris pieces retained and the 
debris length to bar space ratio (L:S) whereby, as L:S increases more pieces of debris 
were likely to become blocked, a finding which is not unexpected. Using R
2
 regression 
coefficients as a measure of goodness of fit, these relationships were best fitted by 
logarithmic functions and had high R
2
 regression coefficients. The high R
2
 values (0.85 
to 0.90) indicate that the trends produced are a good fit to the test data. Where the ratio 
of debris length to bar spacing (L:S) is approximately 1.5 and less the major influencing 
factor was observed to be the length of clear space between the bars relative to the full 
length of the debris. Where L:S is greater than 1.5 the impact of the orientation of the 
debris on blockage was noticeably more significant resulting in greater variability in the 
amount of blockage that occurred. A number of factors can influence orientation 
including: debris length and buoyancy, position of the debris in the channel relative to 
the channel sides, initial orientation of the debris, flow depth and velocity, and flow 
patterns approaching and at the screen. During testing the longest lengths of debris had 
a greater tendency to align parallel with the flow direction and to travel mid-stream, a 
finding also noted by Lyn et al. (2003). Both of these factors facilitated the debris 
passage through the screen. This appeared to be due to the fact that longer lengths 
became aligned parallel to the flow direction more rapidly on their approach to the 
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general trend and 
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Experiments were conducted for a range of screen angles (30, 45 and 60 degrees); the 
results of which are shown in Figure 5.8. Similar trends and goodness of fit were found 
to exist for the full range of discharges studied. 
It is evident from these plots that the relationship between D and L:S varied with screen 
angle for all tested discharges. The difference in the predictive trends is quite small over 
the range of angles investigated particularly at low discharges. However, the plots show 
that higher screen angles resulted in consistently lower percentages of debris pieces 
blocked for any given value of L:S. The results from the paired t-test (Table 5.5) 
indicate that there was no significant difference in the results for screens of 30 degrees 
and 45 degrees when discharge was 0.005 m
3
/s but all the other sets of results showed a 
statistically significant difference. 
Observation of the test runs indicated that this effect may have been due to the fact that, 
at higher screen angles the bars intersected the water surface closer to the culvert inlet 
and were therefore closer to the zone of flow acceleration into the structure. This would 
have less impact at lower discharges. The zone of acceleration is important as debris 
elements which are initially randomly orientated tend towards aligning parallel with the 
flow as it accelerates and are therefore more likely to pass between the screen bars. In 
addition, at lower screen angles, a potentially higher bar surface area is likely to be in 
contact with the floating debris. As well as resulting in an increased area to trap the 
debris this also means the debris must overcome a greater resistance to move clear of 
the bars after initial contact. However, countering this, with the screen at 60 degrees 
which was the closest position to the culvert inlet, some of the larger pieces of debris 
initially cleared the screen with their leading end but then became jammed against the 
head wall as they rotated into the culvert entrance. The increased distance away from 
the head wall that resulted from lowering the screen angle to 45 or 30 degrees reduced 
the number of times this occurred. 
 
Discharge 
Experiments were conducted under a range of discharges. Figure 5.9 shows 
relationships between D and L:S for discharges of  0.005, 0.021 and 0.035 m
3
/s at 
screen angles of 30, 45 and 60 degrees. It is evident from these results that, as 
discharge, and therefore approach flow velocity and depth increases, the proportion of 
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debris pieces that became trapped at the screen falls. The blockage percentage at 
different discharges was not found to be significantly different when the screen angle 
was at 30 degrees (see Table 5.4). In addition no significant difference was found 
between the percentages of debris blocked for discharges of 0.021 and 0.035 m
3
/s when 
the screen angle was 60 degrees. Two factors appear to be contributing to this. At higher 
flow velocities more pieces of debris had rotated to align parallel to the flow direction 
before they reached the screen, thereby facilitating their passage through the screen. 
Secondly, at lower flow rates, the debris had a greater tendency to reach a balance point 
across a single bar while at higher flows the debris may be initially stopped by a single 
bar but would rotate round the bar and clear the screen. At higher flows changes in flow 
paths due to the constriction of the flow as it entered the culvert was more noticeable.  
 
5.2.4. Empirical relationship 
From the analysis described in Sections 5.2.1 to 5.2.3, bar spacing, debris length, screen 
angle and discharge were identified as potential influencing factors in determining the 
amount of debris blocked. Regression analysis was used to establish an empirical 
relationship between these contributing factors and blockage potential. The hypothetical 
relationship can be formalized by 
 
D     (A, S, L, Q)                                                                                                           (15) 
 
Where D = percentage of debris pieces blocked (%), A = screen angle (degrees), S = bar 
spacing (m), L = debris length (m), and Q = discharge (m
3
/s). A log transformation 
(logit) was used during the regression analysis to allow limits to be set on the dependent 
variable (D). As D represents the percentage of pieces blocked, the limits were set at 0 
and 100. After transformation a stepwise multiple regression analysis was performed 
using a 95% probability significance limit. Output from the regression analysis can be 
found in Appendix E. 
The R
2
 value from the ANOVA analysis was used as a measure of goodness of fit. A 
quadratic function was found to provide the best solution (Equation 16).    
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 n  
 D 
100 D
   0.0513 30.728L 64.303L2 53.428S 115.236S2 0.017A–8.823Q 56.441LS 
 (16) 
 
The generated model had a high adjusted R
2
 value, 0.87, indicating that it was a good fit 
to the experimental data and a high Prediction R
2
 value, 0.87, indicating it had good 
predictive capabilities. Adjusted R
2
 is a modification of R
2
 that takes into account the 
number of terms in a model. Prediction R
2
 indicates how well the model predicts 
responses for new observations.  While the high adjusted R
2
 values indicate the model is 
a good representation of the experimental data even allowing for the large number of 
terms, Equation 16 is perhaps overly cumbersome and some form of simplification that 
results in a reduction in the number of terms may be helpful to provide a more workable 
model (see Section 6.5).  However the inclusion of all the terms contributing to the 
model can be justified by consideration of their theoretical impact on the ability of a 
screen to block debris. Debris length  and bar spacing will have a major role in 
determining whether a piece of debris becomes blocked so their inclusion in the model 
along with a cross product that considers the impact of a combination of these two key 
terms is essential. Flow conditions will influence both how debris is transported to a 
screen and how likely it is to be forced through the screen therefore discharge, given 
that it contributes to different flow conditions, seems a reasonable inclusion at this 
stage. The inclusion of screen angle in the model is perhaps less obviously a key 
requirement. However, different screen angles can offer different surface areas of the 
screen both in terms of total area and area available for debris storage. In addition 
different screen angles can result in different flow patterns at the screen therefore screen 
angle could potentially influence blockage. 
A plot of the percentage of debris pieces the model predicts will be blocked against the 
percentage recorded as blocked during the initial testing is shown in Figure 5.12.   
Debris length (L), bar spacing (S), screen angle (A), and discharge (Q) were found to be 
significant predictive factors; all factors had p-values < 0.0001. Figures 5.13 to 5.16 
show the individual contributions made by each element within the generated model.   
 




Figure 5.12 Modelled predicted blockage against actual debris pieces blocked during 





Figure 5.13  Influence of bar spacing on percentage blockage when screen angle = 45°, 
discharge = 0.021m
3
/s, debris length = 0.18m. Similar trends were found for other tested 

































Figure 5.14 Influence of screen angle on percentage blockage when bar spacing  = 0.08m, 
discharge = 0.021m
3
/s, debris length = 0.18m. Similar trends were found for other tested 





Figure 5.15  Influence of discharge on percentage blockage when screen angle = 45°, bar 
spacing  = 0.08m, debris length = 0.18m. Similar trends were found for other tested angles, 




























































Figure 5.16  Influence of debris length on percentage blockage when screen angle = 45°, 
bar spacing  = 0.08m, discharge = 0.021m
3
/s. Similar trends were found for other tested 




As can be seen from Figure 5.13, as would be expected, less blockage occurs as bar 
spacing increases, this is reflected in the negative value for the bar spacing coefficient in 
the model. The influence of debris length is also in general as expected with blockage 
increasing as length increases as indicated by the positive bar spacing coefficient in the 
model. However Figure 5.16 shows that while there is an initial increase in blockage 
with increasing debris length, once a threshold length has been reached, blockage 
appears to decrease as length increases. As noted in Section 5.2.3 this may be in part 
due to larger pieces of debris being more likely to orientate parallel to the flow direction 
or it may be due to some other unidentified factor related to the experimental method. 
Alternatively it may just be natural variation in the results although the samples size 
should have minimised this. It is unlikely that the amount of blockage would continue to 
decrease as debris length increases as appears to be suggested by this trend. Both screen 
angle and discharge have negative coefficients in the generated model suggesting that 
blockage decreases as their values increase. The trend for screen angle is illustrated in 
Figure 5.14. However the results from the testing of the influence of screen angle may 
have been influenced by the position of the screen intersection with the water surface as 
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well as the angle itself. If a screen is positioned so that the top of the screen is attached 
to the headwall, a screen of 60 degrees intersects the water surface closer to the culvert 
than a screen of 30 degrees (Figure 5.17). Further testing is required to determine the 




Figure 5.17 Diagram showing relative position of screens of different angles. 
 
The slope of the trend for discharge (Figure 5.15) is very shallow suggesting that 
discharge does not greatly influence the percentage of debris blocked. However, as 
indicated by the negative coefficient, there is a slight decrease in blockage as discharge 
increases which may be the result of the lower flow velocities associated with lower 
discharges which do not as readily move pieces of balanced debris away from an 
obstacle once they have become initially trapped. 
As a further measure of the contribution made by each of the individual elements, a 
sensitivity analysis was undertaken. The predicted blockage percentage (D) was 
calculated from the derived function for a mid value from the range tested (L=0.18m, 
S=0.08m, A=45 degrees, Q=0.021m
3
/s, D = 45.6). Predicted blockage values were then 
calculated when one element was increased and then decreased by 25% of its initial 
value while the other element values remained unchanged. As can be seen from Figure 
5.18, as would be expected debris length (L) and bar spacing (S) have a significant 
impact, screen angle (A) has less of an influence than these two while discharge (Q) has 
very little impact.  
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Figure 5.18 Sensitivity analysis for model generated from phase 1 testing showing change 
in predicted percentage of debris blocked when varying predictor variables by 25%.       
L = Debris length, S=Bar spacing, A = Screen Angle, Q = Discharge 
 
5.2.5. Recommendation for next step 
Given the results from this initial investigation, it was concluded that some further 
analysis was required to gain a better understanding of the interaction of the screen and 
the flow conditions. Two further testing programs were undertaken. The first additional 
phase of testing considered changes in flow conditions due to increasing bed slope and 
is discussed in Section 5.3, the second additional phase assessed the influence of screen 
position relative to the culvert inlet and is discussed in Section 5.4. 
 
 
5.3. The Influence of Bed Slope 
5.3.1. Overview 
This section presents and analyses the results obtained during a set of experimental 
investigations into how different flow conditions resulting from differing bed slopes 
influence blocking potential at trash screens. The objective of the second phase of 
testing was to determine whether the trends identified during the initial testing were 
applicable under different flow conditions and to identify whether different flow 
conditions resulting from changes in bed slope had an independent influence on 
blockage potential. A summary of the elements and conditions assessed during this 
second phase of testing are shown in Table 5.6. 





Difference in blockage (%) 
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As only one discharge was required for this phase of testing, the highest discharge used 
during the initial testing, 0.035m
3
/s, was selected. During initial testing this was found 
to be the simplest of the discharges to repeat and stabilise. The bar spacings and screen 
angles tested were as described in Section 5.2 for the initial testing.  
Testing was undertaken for two bed slopes steeper than the slope used in the initial 
testing and the results achieved were assessed along with the relevant results from the 
initial testing. The highest slope (0.016m/m) was selected because with a discharge of 
0.035 m
3
/s this was the steepest operating slope that ensured the culvert inlet did not 
become submerged. 
Table 5.7 shows details of the slopes and flow conditions assessed. 
 

















1 0.006 0.035 0.266 0.175 0.20 
2 0.012 0.035 0.324 0.143 0.27 
3 0.016 0.035 0.358 0.130 0.32 
 
5.3.2. Results 
Full details of the results obtained during the second phase of testing can be found in 
Table C.1, Appendix C.  
The results are summarised in Figures 5.19 and 5.20 which show the percentage of 
pieces of debris blocked for each test case. Each test case represents a different 
combination of screen angle, bar spacing and slope. A paired t-test analysis was 
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undertaken to determine any statistically significant difference in the percentage of 
blockage found for different slopes and the results are summarised in Table 5.8. 
 










30 0.0055 0.0120 -0.43 No 
30 0.0055 0.0160 -1.48 No 
30 0.0120 0.0160 -1.55 No 
45 0.0055 0.0120 -2.04 Yes 
45 0.0055 0.0160 -4.19 Yes 
45 0.0120 0.0160 -2.60 Yes 
60 0.0055 0.0120 -0.51 No 
60 0.0055 0.0160 -4.15 Yes 
60 0.0120 0.0160 -3.97 Yes 
 
 
The plots shown in Figures 5.19 and 5.20 show the same general patterns of trends and 
outliers to those discussed in Section 5.2.2.  
Figure 5.20 shows clear relationships between the percentage of debris pieces blocked 
(D) and the debris length to bar spacing ratio that follow similar trends for all slopes. In 
common with the results obtained from initial testing, those obtained for slopes two and 
three (0.012m/m, 0.016m/m) were also best fitted by logarithmic functions and had high 
R
2
 regression coefficients ranging from 0.85 to 0.90.  The functions and R
2
 regression 
coefficients associated with the graphs shown in Figures 5.19 and 5.20 are detailed in 











Figure 5.19 Graphs showing comparison of percentage of debris pieces blocked (D) for 
different screen angles when discharge is: 0.035m
3
/s and bed slope is (a) 0.006m/m     (b) 
0.012m/m  (c) 0.016m/m . 
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Debris Length to Bar Spacing Ratio (L:S) 











Figure 5.20 Graphs showing comparison of percentage of debris pieces blocked (D) for 
different bed slopes when discharge is 0.035m
3
/s and screen angle is: (a) 30 degrees, (b) 45 
degrees, (c) 60 degrees.  
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Table 5.9 Equations and corresponding R
2
 regression coefficients for trends shown in 










(degrees) Trend function R
2
 
0.035 0.006 30 D = 27.14ln(L:S) + 26.16 0.85 
0.035 0.006 45 D = 23.60ln(L:S) + 24.65 0.87 
0.035 0.006 60 D = 23.66ln(L:S) + 17.51 0.86 
0.035 0.012 30 D = 28.04ln(L:S) + 25.85 0.87 
0.035 0.012 45 D = 27.37ln(L:S) + 23.70 0.85 
0.035 0.012 60 D = 24.45ln(L:S) + 17.34 0.86 
0.035 0.016 30 D = 29.03ln(L:S) + 26.18 0.90 
0.035 0.016 45 D = 29.44ln(L:S) + 24.59 0.89 




As can be seen from Figures 5.19 and 5.20 the relationship between the percentage of 
debris pieces retained and the debris length to bar space ratio identified during the initial 
testing, outlined in Section 5.2, appears to be reproduced for all assessed slopes. While 
the general trends are similar for all slopes, there is a difference in the performance of 
different screen angles under different bed slopes. Figure 5.20a shows that the screen at 
30 degrees showed almost no change in performance across all bed slopes and the 
results of the t-test (Table 5.8) indicate that the performance is not significantly 
different. However, the screen at 45 degrees showed an increasing tendency to block 
debris as the bed slope increases and the paired t-test results suggest there is a 
statistically significant difference between each slopes performance. A difference in 
performance is also apparent for a 60 degree screen although at this angle there does not 
appear to be a significant difference at the two lower slopes. 
This change in performance under different flow conditions due to changes in bed slope 
may be the result of changes in the position of the screen relative to the maximum flow 
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disturbance as the water is restricted at the culvert inlet. Increasing the bed slope 
increased the water depth immediately behind the headwall and reduced the depth to 
some degree further upstream. In addition, increasing the bed slope reduced the distance 
over which the most intense flow turbulence occurred. Therefore changing the slope 
may have resulted in the point of intersection of the screen with the water surface 
moving its position relative to the zone of maximum acceleration created by 
constriction at the culvert inlet. For example Figure 5.20(c) shows that most blockage 
occurs at a screen of 60 degrees where the bed slope is 0.016m/m. At this slope the 
point of intersection of the screen with the water surface may be situated upstream of 
the zone of acceleration while at the reduced bed slopes the screen still sits within the 
zone. Further research is necessary to clarify the role of screen position relative to inlet 
flow conditions(see Section 5.4). 
 
5.3.4. Empirical Relationship 
The analysis described in Section 5.2 identified bar spacing, debris length, screen angle 
and discharge as influencing factors in determining the amount of debris blocked. For 
the analysis described in this section an additional variable, bed slope, was considered 
while the discharge remained constant. A regression analysis was used to establish an 
empirical relationship between contributing factors and blockage potential. The 
hypothetical relationship can be formalized by 
D     (A, S, L, B)                                                                                                           (17) 
Where D = percentage of debris pieces blocked (%), A = screen angle (degrees), S = bar 
spacing (m), L = debris length (m), and B = bed slope (m/m). A log transformation 
(logit) was used during the regression analysis to allow limits to be set on the dependent 
variable (D). As D represents the percentage of pieces blocked, the limits were set at 0 
and 100. After transformation a stepwise multiple regression analysis was performed 
using a 95% probability significance limit. Output from the regression analysis can be 
found in Appendix F. 
A quadratic function was found to provide the best solution (Equation 18).    
 






     0.176  33.742L 71.394L2 59.448S 125.617S2 0.018A 68.936LS 
            (18) 
 
While screen angle, debris length and bar spacing were again found to be significant 
predictive factors, bed slope (B), while considered as a potentially contributing function 
in the hypothetical relationship (Equation 17), was not found to be significant and is 
therefore not included in the model. Although the generated model had a high adjusted 
R
2
 value, 0.85 indicating that it was a good fit to the test generated data and a high 
Prediction R
2
 value, 0.84, indicating it had good predictive capabilities it was found to 
offer no improvement to the model generated from the initial testing (Equation 16). A 
plot of the percentage of debris pieces the model predicts will be blocked against the 
percentage actually blocked during testing is shown in Figure 5.21. This shows a similar 
pattern to that produced for the original model (see Section 5.2) but there is a noticeably 
greater variation between observed and predicted blockage. 
As the model was found to offer no improvement to the original model no further 
sensitivity analysis was undertaken. 
 
 
Figure 5.21 Modelled predicted blockage against actual debris pieces blocked during 
phase 2 testing. The position where actual equals predicted is shown by the red line. 
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5.4. The Influence of Screen Position Relative to Culvert Inlet 
5.4.1. Overview 
This section presents and analyses the results obtained during a set of experimental 
investigations into how the position of the trash screen relative to the culvert inlet 
influenced its blocking potential.  
As a result of the findings of the initial testing which is detailed in Section 5.2, a follow 
up phase of testing was undertaken to investigate how the location of the trash screen 
relative to the entrance of the culvert influences potential blockage. Observations made 
during the initial testing suggested that as flow accelerates on nearing the culvert 
entrance it exerts forces on the debris that effect both its orientation relative to the flow 
direction and its potential for being pulled through the screen bars. Therefore, it 
appeared that under the experimental flow regime the location of the trash screen 
relative to the zone of flow acceleration which is generated as the watercourse is 
restricted to flow through the culvert may have influenced the amount of debris blocked 
by the screen.  
 
In order to assess the influence of screen position two different assessments were 
undertaken: 
1 An assessment of the blocking potential of screens at different angles that 
intersected the water surface at the same point upstream of the culvert inlet 
2 An assessment of the blocking potential of a screen with an angle of 60 degrees 
at different positions upstream of the culvert inlet 
A summary of the elements and conditions assessed during the third phase of testing are 
shown in Tables 5.10 and 5.11. 
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The bar spacings and bed slope tested were as described in Table 4.2 for the initial 
testing. As previously observed differences in blockage were more marked at higher 
discharges, the highest discharge used during the initial testing, 0.035m
3
/s, was used 
during both parts of the screen position testing. 
During assessment one, a single screen position was tested with screens of different 
angles (30, 45 and 60 degrees). The screens were placed so the point of intersection of 
the screen with the water surface was the same for all screen angles (see Figure 5.22). 
This differed from the approach used during the initial phase of testing (Section 5.2) 
where the top of the screens were fixed at a common point which resulted in them 
intersecting the water surface at different positions. 
 
 
Figure 5.22 Schematic representation of screen positions used for the first assessment 
 
During assessment two, four positions were tested for a screen at 60 degrees (Figure 
5.20). An angle of 60 degrees was selected as this allowed testing of a position closer to 
the inlet than would have been possible with screens of 45 or 30 degrees while still 
allowing the screen to be positioned at any other point further upstream. Therefore a 
greater range of positions relative to the culvert inlet could be assessed. The distance 
upstream was measured from the culvert inlet to the point at which the screen 
intersected the water surface. Table 5.12 shows the screen positions assessed. 
 




Figure 5.23 Schematic representation of screen positions used during second assessment 
 
Table 5.12 Screen positions assessed during the third phase of testing 
Position 








5.4.2. Results  
Full details of the results obtained during the third phase of testing can be found in 
Tables D.1 and D.2, Appendix D.  
The results from assessment one, testing a screen of different angles intersecting the 
water surface at the same position, are summarised in Figure 5.24. The functions and R
2
 
regression coefficients associated with these graphs are detailed in Table 5.13.  
The results from assessment two, testing a screen of 60 degrees intersecting the water 
surface at different positions, are summarised in Figure 5.25. The functions and R
2
 
regression coefficients associated with these graphs are detailed in Table 5.14. 
 
 





Figure 5.24 Graphs showing comparison of percentage of debris pieces blocked (D) at 
different screen angles when screens intersect the water surface at the same position. Each 
marker represents the percentage of 100 pieces of debris blocked.  
 
Table 5.13 Equations and R
2
 regression coefficients for in Figure 5.24 
Screen angle (degrees) Trend function R
2
 
30 D = 26.54ln(L:S) + 24.46 0.87 
45 D = 25.62ln(L:S) + 24.84 0.85 












































Figure 5.25 Plot showing comparison of percentage of debris pieces blocked (D) at 
different screen positions (screen angle 60°).  Each marker represents the percentage of 
100 pieces of debris blocked. 
 
Table 5.14 Equations and corresponding R
2
 regression coefficients for Figure 5.25 
Screen position Trend function R
2
 
1 D = 29.87ln(L:S) + 31.53 0.85 
2 D = 29.76ln(L:S) + 26.99 0.88 
3 D = 28.16ln(L:S) + 22.28 0.88 
4 D = 23.66ln(L:S) + 17.51 0.86 
 
For both sets of results, paired t-test analysis was undertaken to determine whether there 
was a statistically significant difference between percentages of blockage found and the 
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30 45 -3.08 Yes 
30 60 0.69 No 
45 60 2.99 Yes 
 










0.35 0.25 5.00 Yes 
0.35 0.15 -9.71 Yes 
0.35 0.10 12.23 Yes 
0.25 0.15 6.49 Yes 
0.25 0.10 10.84 Yes 
0.15 0.10 8.16 Yes 
 
5.4.3. Analysis 
Different Screen Angles at One Position 
As can be seen from the results for assessment one (Figure 5.24), the difference found 
in the percentage of debris blocked by different screen angles when they intersected the 
water at the same position was relatively minor. However, while the results of the t-test 
(Table 5.15) showed no statistically significant difference between the results for the 
screen at 30 degrees and the screen at 60 degrees they did show a small but statistically 
significant difference between the screen at 45 degrees and both the other angles. This 
suggests that although screen angle may make a minor contribution to a screen‘s 
potential for blocking debris, the difference found in blockage for different screen 
angles during initial testing (Section 5.2) may have been influenced more by the 
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position at which the screen intercepted the water surface than the actual screen angle. 
The nature of the influence of screen angle on blockage is still not clear from these 
findings. 
 
One Screen Angle at Different Positions 
The plot of the results of assessment two (Figure 5.25) shows that as the distance of the 
screen from the culvert inlet increased the percentage of debris pieces blocked also 
increased. The differences in these results were all found to be statistically significant 
(Table 5.16). The greatest increase in percentage blocked was found to occur between 
positions 3 and 4, with the least difference in blockage occurring between screens 1 and 
2. The differences in blockage correspond to the differences in the measured mid stream 
flow velocity at the screen (Table 5.17).  From Figure 5.26 it can be seen that as the 
flow approached the culvert inlet the midstream depth averaged velocity increased. At 
screen position 4, the closest position to the culvert inlet, the velocity was 
approximately 80 percent of the maximum velocity reached by the flow before entering 
the culvert, at position 1 the velocity was only approximately 50 percent of the 
maximum velocity. Although considerable constriction of the flow across the width of 
the channel was evident on approach to the culvert, flow constriction in the middle 
region of the channel was observed to be minimal and so only a longitudinal component 
of velocity was considered. 
 
Table 5.17 Mid stream depth averaged velocities measured in the flume during phase 
three .  
 
Screen Position 
Depth averaged velocity at screen 






2.25m upstream 0.232 
 




Figure 5.26 Plot of flume midstream depth averaged velocity and test screen position (). 
 
Similar velocity patterns were found by Day (1997) who noted that a culvert exerts a 
major influence over longitudinal velocities for distances upstream approximately 
equivalent to the culverts diameter (Figure 5.27).  
 
 
Figure 5.27 Variation of normalised longitudinal velocity with distance from culvert inlet: 
x = distance from culvert inlet (m), D= culvert diameter (m) (Q1 0.022m
3





/s) (Day 1997, Figure 5(a)) 
 
As can be seen from Figure 5.26, at distances closer to the inlet than 0.3m which is the 
culvert diameter, the mid stream velocity started to increase significantly. Day (1997) 
studied surcharged culverts where the upstream water depth was greater than the culvert 
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diameter and so in addition to the longitudinal velocities, changes in vertical velocity, 
which was influenced by headwater depth above the culvert, was also a major factor in 
his study.  
As can be seen from the results shown in Figures 5.25 and 5.26, the greatest difference 
in blockage occurred where there was also the greatest difference in flow velocity 
suggesting that flow velocity has a major influence on blockage potential. These results 
are summarised in Figure 5.28 which shows the percentage of debris pieces blocked for 
all lengths and bar spacings against the relative mid stream velocity. 
 
 
Figure 5.28Percentage of debris pieces blocked against relative velocity. Relative velocity 
was measured as the ratio of flow velocity at the point of screen intersection with the water 
surface to a base upstream flow velocity measured at a distance equal to three channel 
widths (2.25m) upstream of the culvert inlet. 
 
 
5.4.4. Empirical relationship 
From the analysis described in the previous section, in addition to bar spacing and 
debris length which had previously been identified as influencing factors (Section 5.2), 
screen position was also highlighted as potentially determining potential blockage. Only 
data gathered during assessment two, a screen of 60 degrees at different positions, was 
used for the development of an empirical relationship. The assessment of different 
angled screens at one position was the final assessment undertaken and took place after 
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a minor alteration to the experimental test rig. During testing, water entered the flume 
via a stilling tank filled with a range of plastic baffles. The baffles were removed and 
then replaced during some development work on the flume which was undertaken 
before the final test. This resulted in a minor alteration in the flow direction on initially 
leaving the tank. Although this change, which only altered the flow pattern for the first 
few meters of the channel, will have had no impact on the analysis of the results of that 
individual assessment, the results were not used for this full empirical analysis to ensure 
no additional factors resulting from the changed inlet configuration influenced the 
results.  
The hypothetical relationship can be formalized by 
D = f(S, L, Pv)                                                                                                               (19) 
Where D = percentage of debris pieces blocked (%), S = bar spacing (m), L = debris 
length (m), and Pv = relative velocity at screen position. As the major influence on 
blockage at the different screen positions appears to be flow velocity, Pv was calculated 
as the ratio of flow velocity at the point of screen intersection with the water surface to a 
base upstream flow velocity measured at a distance equal to three channel widths 
upstream of the culvert inlet.  
Regression analysis was used to establish an empirical relationship between the 
identified contributing factors and blockage potential using the data gathered during 
assessment two. 
A log transformation (logit) was used during the regression analysis to allow limits to 
be set on the dependent variable (D). As D represents the percentage of pieces blocked, 
the limits were set at 0 and 100. After transformation a stepwise multiple regression 
analysis was performed using a 95% probability significance limit (full statistics for the 
analysis can be found in Appendix G).  
A cubic function was found to provide the best solution (Equation 20).   
     (20) 
The generated model had a high adjusted R
2
 value, 0.90 indicating that it was a good fit 
to the test generated data and a high prediction R
2
 value, 0.89, indicating it had good 
predictive capabilities. Debris length (L), bar spacing (S), and relative velocity at the 
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screen position (Pv) were found to be significant predictive factors, all factors had p-
values < 0.0001.  
While the high adjusted R
2
 value suggests the model is a good fit to the experimental 
data, despite the large number of terms in the equation, as for Equation 16 a 
simplification of the model may offer a more workable solution (see Section 6.5). A 
plot of the predicted debris blockage against the percentage actually blocked during 





Figure 5.29 Modelled predicted blockage against actual debris pieces blocked during 
phase three testing. The red line indicates where predicted blockage equals actual 
blockage. 
 
While the majority of the predicted results fall within an acceptable band, deviating 
from the actual results by 15% or less, the plot does show a number of outliers that fall 
some distance outwith that band.  For example, two points are shown to significantly 
over estimate blockage: actual blockage 42%, estimated blockage 70% and actual 
blockage 24%, estimated blockage 49%. These results, and those in the same area on 
the plot (highlighted in blue), are for the largest debris lengths tested (0.35m) and this 
over estimate is consistent with the trends shown for results in Figure 5.25. The plot 
also shows a wider spread of estimates where actual percentages were between around 
Chapter 5 – Results and Initial Analysis 
146 
 
35 and 70%, with more precise estimates above and below these values. One noticeable 
group of underestimates is highlighted in green on Figure 5.29. These points refer to 
blockage recorded where the bar spacing was at its smallest (0.03 or 0.04m) and the 
debris lengths were also relatively small (0.05 or 0.075m). This is also reflected in 
position of the trend shown in Figure 5.25 where many of the data points fall above the 
trend where the debris length to bar spacing ratio is less than two. 
Figures 5.30 to 5.32 show the individual contributions made by each of the identified 
driving elements within the generated model. As can be seen from Figure 5.30, less 
blockage occurs as bar spacing increases, this is reflected in the negative value for the 
bar spacing coefficient in the model. The influence of debris length (Figure 5.31) is also 
as expected with blockage increasing as length increases as indicated by the positive bar 
spacing coefficient in the model. While the results for both bar spacing and debris 
length agree in general with the findings of the initial testing (see Section 5.2) there is a 
marked difference in the influence of debris length once it reaches a certain threshold. 
In the model produced from the initial testing, while there is an initial increase in 
blockage with increasing debris length, once a threshold length has been reached 
blockage appears to decrease as length increases. The model produced from this later 
testing still shows an initial increase in blockage with increasing debris length. 
However, once above a threshold length, rather than blockage decreasing as length 
increases blockage continues to increase but at a much reduced rate. This is more 
representative of what was expected. This change from the original model may be partly 
due to an improved experimental technique; having identified a potential issue with the 
orientation of longer lengths being influenced by their tendency hit the channel bed on 
entry particular care was taken to minimise the number of times this occurred. 
Alternatively this may be due to the inclusion of results from screens some distance 
from the zone of flow acceleration. With the screen positioned some distance upstream 
from the inlet the debris spent less time travelling in the regions of flow at the higher 
velocities generated by flow constriction at the culvert. This may have resulted in fewer 
pieces of the longer length debris fully rotating to align parallel with the flow direction 
before reaching the screen. Pv has a negative coefficient in the generated model 
indicating that blockage decreases as its values increases. This is illustrated in Figure 
5.32.  Observation of the test runs suggests that the closer the screen is positioned to the 
zone of acceleration of flow as it constricts at the culvert inlet the greater likelihood that 
the debris will orient parallel to the flow direction which facilitates its passage through 
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the screen. In addition debris that has become balanced on a bar is more likely to be 
pulled off by the drag forces of the flow. 
As a further measure of the contribution made by each of the individual elements, a 
sensitivity analysis was undertaken to assess the impact of each of the contributing 
variables in the model. The predicted blockage percentage (D) was calculated from the 
derived function for a mid value from the range tested (L=0.18m, S=0.08m, Pv=1.35, D 
= 52.2). Predicted blockage values were then calculated when one element was 
increased and then decreased by 25% of its initial value while the other element values 
remained unchanged. As can be seen from Figure 5.33 all three assessed elements (L, S, 




Figure 5.30 Influence of bar spacing on percentage blockage when  screen position(relative 
velocity)  = 1.35, debris length = 0.18m. Similar trends were found for other tested screen 
positions(relative velocity) and debris lengths. The dotted green lines show the 95% 
confidence interval. 
 






























Figure 5.31  Influence of debris length on percentage blockage when bar spacing  = 0.08m, 
screen position(relative velocity) = 1.35. Similar trends were found for other tested screen 





Figure 5.32 Influence of screen position (relative velocity) on percentage blockage when 
bar spacing  = 0.08m, debris length = 0.18. Similar trends were found for other tested bar 





























































Figure 5.33 Sensitivity analysis for model generated from screen position testing showing 
change in predicted percentage of debris blocked when varying predictor variables by 
25% 
L = Debris length, S=Bar spacing, Pv = Screen Position (relative velocity).   
 
 
5.4.5. Recommendation for next step 
The model was found to be statistically significant and all the terms found to actively 
contribute to the sensitivity of the model. However, this model was based only on the 
results gathered from the second assessment of the testing undertaken as a follow up to 
the initial testing; this only contained 280 values, a relatively limited data set. This 
model also did not take into account the influence of screen angle or discharge which, 
although not assessed during this second phase of testing, had been identified during the 
initial testing as being driving factors. An analysis covering all the elements assessed 
during the three phases of testing offers an opportunity to assess the impact of the 
identified driving factors (debris length, bar spacing, screen angle, discharge and screen 
position) with a significant data set. This more comprehensive analysis is detailed in 
Chapter 6. 
 
5.5. Chapter Summary 
Extensive experimental testing was undertaken under controlled laboratory conditions 
with the aim of assessing the extent to which screen geometry and position influence 
blockage at trash screens.  The physical model constructed for the purpose of the testing 
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proved to be robust and appropriate for the proposed analysis. Initial testing assessed a 
total of 63 different test cases: these involved seven bar spacings, three screen angles 
and three discharges. A total of 63,000 runs were made. 
The use of contour plots was shown to be helpful in visualising the influence of bar 
spacing and debris length on blockage. However, logarithmic functions representing the 
relationship between the ratio of debris length to bar spacing and blockage offered a 
more practical tool for comparing blockage when a third component such as screen 
angle or discharge was assessed. 
Blockage was shown to increase as the ratio of debris length to bar spacing increased. 
Blockage followed similar trends at all discharges tested but was greater at lower flow 
rates particularly where the ratio of debris length to bar spacing was high. Although 
fewer blockages occurred where the screen angle was high, it was noted that this result 
may have been influenced by the position of the screen relative to the culvert inlet as 
well as or rather than the angle of the screen itself.  
For the initial phase of testing, regression analysis was used to establish a model 
defining blockage in terms of the contributing elements. A quadratic function was found 
to be the best fit (Equation 16). Sensitivity analysis was undertaken to assess the impact 
of the predictive factors and all the assessed factors were found to be statistically 
significant contributors to the model. Bar spacing, debris length and screen angle were 
shown to exert a major influence on blockage with discharge having only a minor 
impact. 
As a result of the findings from the initial testing additional experimental testing was 
undertaken under controlled laboratory conditions with the aim of assessing the extent 
to which upstream bed slope influences blockage at trash screens.  A total of 63 
different test cases were assessed: these involved seven bar spacings, three screen 
angles and three bed slopes. 
Blockage was shown to increase as the ratio of debris length to bar spacing increased 
for all bed slopes, this was consistent with the relationship defined for the initial phase 
of testing. While the blockage followed similar general trends for all slopes tested, the 
screen at 30 degrees showed consistent performance for all bed slopes but where the 
screen angle was 45 or 60 degrees more debris was blocked when the bed slope was 
greater. This may have been due to a change in the position of screen relative to the 
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zone of rapid flow acceleration as the water surface profile and flow patterns were 
affected by the increasing build up of water behind the headwall as the slope increased. 
As for the initial phase of testing, regression analysis was used to establish a model 
defining blockage in terms of the contributing elements and a quadratic function was 
found to be the best fit (Equation 18). Screen angle, debris length and bar spacing were 
again found to be significant predictive factors. Bed slope was not found to be 
significant and was therefore not included in the model. The model was not found to be 
an improvement on the model produced from initial testing so no further sensitivity 
analysis was undertaken. 
A final phase of experimental testing was undertaken under controlled laboratory 
conditions with the aim of assessing the extent to which screen position influences 
blockage at trash screens. 49 different test cases were assessed: these involved seven bar 
spacing‘s, three screen angles and four different screen positions.  
As for the initial testing, blockage was shown to increase as the ratio of debris length to 
bar spacing increased. Little difference in blockage was found for screens at different 
angles when they intersected the water surface at the same position. Blockage was 
shown to increase as the distance of the screen from the culvert inlet increased. The 
driving factor was found to be the screen position relative to the zone of flow 
acceleration created as the flow was constricted on approach to the culvert inlet. The 
amount of  blockage decreased as the mid stream depth averaged velocity at the point at 
which the screen intersected the water surface increased relative to an average velocity 
measure upstream of the impacts on the flow created by the culvert inlet.  
Regression analysis was again used to establish a model defining blockage in terms of 
the contributing elements. A cubic function offered the best fit (Equation 20). A 
sensitivity analysis was undertaken to assess the impact of the predictive factors and bar 
spacing, debris length and relative velocity at the screen position were all shown to 
exert a major influence on blockage. 
The model was based on a limited data set and it was noted that a more comprehensive 
analysis would be possible by combining the results from all phases of testing rather 
than analysing each phase independently. This more comprehensive analysis is 





Chapter 6                                
Development of an Empirical Model                                                        
and End User Focused Tools for Blockage Estimation 
 
6.1. Introduction 
The analysis described in Section 5.2 identified bar spacing, debris length and screen 
angle as influencing factors in determining the amount of debris blocked at a screen. In 
addition, the relative velocity of mid-stream flow at the point the screen intersected the 
water surface was identified as a driving factor (see Section 5.4). This chapter uses the 
data gathered during both these phases of testing to establish empirical models defining 
blockage in terms of all the identified driving factors. 
Two models are developed: the first uses the full data set to define blockage in terms of 
bar spacing, debris length, screen angle, discharge and relative velocity at the screen 
while the second model considers the overall percentage blockage for all debris lengths 
and defines blockage in terms of bar spacing, screen angle, discharge and relative 
velocity. This second approach was considered to be appropriate as while estimates of 
maximum debris length likely to be transported can be made based on channel width 
(see Section 4.6), in reality a mix of debris lengths is likely and therefore a model that 
does not require a fixed debris length as a parameter was felt to potentially offer a more 
practical solution.  
 
6.2. Development of a Model with Debris Length as a Predictive Factor 
Regression analysis was used to establish an empirical relationship between the 
contributing factors and blockage potential. The hypothetical relationship can be 
formalized by 
D     (A, S ,L, Q, Pv)                                                                                                     (21) 
Where D = percentage of debris pieces blocked (%), A = screen angle (degrees), S = bar 
spacing (m), L = debris length (m), Q = discharge (m
3
/s), Pv  = relative velocity at the 
screen position. The position (Pv) values were calculated as the ratio of flow velocity at 
the point of screen intersection with the water surface to a base upstream flow velocity 
Chapter 6– Development of an Empirical Model and Tools for Blockage Estimation 
153 
 
measured at a distance equal to three channel widths upstream of the culvert inlet. 
Details of the measured velocities can be found in Table 5.17. 
A log transformation (logit) was used during the regression analysis to allow limits to 
be set on the dependent variable (D). As D represents the percentage of pieces blocked, 
the limits were set at 0 and 100. After transformation a stepwise multiple regression 
analysis was performed using a 95% probability significance limit. Output from the 
regression analysis can be found in Appendix H. 
A quadratic function was found to provide the best solution (Equation 22).   While 
discharge was considered as a potentially contributing function in the hypothetical 
relationship (Equation 21), it was not found to be a statistically significant parameter 





     0.034   32.350L   67.896L2   53.873S   108.679S2    
                       0.013A – 1.249Pv   61.956LS                                                            (22) 
 
The generated model had a high adjusted R
2
 value, 0.87, indicating that it was a good fit 
to the test generated data and a high Prediction R
2
 value, 0.86, indicating it had good 
predictive capabilities. A plot of the percentage of debris pieces the model predicts will 
be blocked against the percentage actually blocked during testing is shown in Figure 
6.1.  
Debris length (L), bar spacing (S), relative velocity at the screen (Pv) and screen angle 
(A) were found to be significant predictive factors; all factors had p-values < 0.0001. 
Figures 6.2 to 6.5 show the individual contributions made by each of these elements 
within the generated model.  
 
 




Figure 6.1 Blockage predicted by final model against actual debris pieces blocked. The 
position where actual equals predicted is shown by the red line. 
 
Figure 6.2 shows that, as for the previous models, less blockage occurs as bar spacing 
increases, this is reflected in the negative value for the bar spacing coefficient in the 
model. Relative velocity also has a negative coefficient and exhibits an influence 
comparable with that identified during the analysis described in the previous chapter; 
blockage decreases as relative velocity increases (Figure 6.3). The influence of debris 
length (Figure 6.4) shows a similar trend to that generated from the initial analysis. 
While there is an initial increase in blockage with increasing debris length, once a 
threshold length has been reached blockage appears to decrease as length increases. In 
contrast to the empirical relationship derived from the initial analysis outlined in 
Section 5.2, which had a negative coefficient for screen angle suggesting blockage 
increases as angle decreases, this model has a positive coefficient for screen angle 
(Figure 6.5). This suggests that blockage will increase as the angle of the screen 
increases. However, as can be seen from the results of the sensitivity analysis (Figure 
6.6) the percentage blockage predicted by the model is noticeably less sensitive to 
changes in the screen angle than to changes in any of the other driving variables.  This 
is consistent with the observed data which suggests that all other factors being equal 
there is only a minor difference in blockage with different screen angles (see Section 
5.4.1).  
 




Figure 6.2 Influence of bar spacing on percentage blockage when screen angle = 45°, 
relative velocity  = 1.35, debris length = 0.18m. Similar trends were found for other tested 






Figure 6.3 Influence of screen position (relative velocity) on percentage blockage when 
screen angle = 45°, bar spacing  = 0.08m, debris length = 0.18m. Similar trends were found 





























































Figure 6.4 Influence of debris length on percentage blockage when screen angle = 45°, bar 
spacing  = 0.08m, relative velocity  = 1.35. Similar trends were found for other tested sceen 





Figure 6.5 Influence of screen angle on percentage blockage when bar spacing  = 0.08m, 
relative velocity = 1.35, debris length = 0.18m. Similar trends were found for other tested 





























































Figure 6.6 Sensitivity analyses for full data model showing change in predicted percentage 
of debris blocked when varying predictor variables by 25%                                                  
L=Debris length, S=Bar spacing, Pv= Screen Position (relative velocity), A=Screen Angle  
  
 
6.3. Development of a Model without Debris Length as a Predictive Factor 
The model developed in the previous section included debris length as a driving factor 
in the estimation of potential percentage of blockage. While this comprehensive model 
can provide estimates where likely debris length is known or can be approximated  
based on channel width, in reality a mix of debris lengths is likely and therefore a model 
that does not require a known debris length as a parameter was felt to potentially offer a 
more practical solution.  
The results from the testing outlined in Chapter 5 were used to determine the percentage 
of debris blocked for all debris lengths for each screen angle, bar spacing, discharge and 
screen position. These aggregated results were then assessed to determine whether the 
previously identified relationships for individual debris length were still evident for the 
aggregated data. The results of this assessment are illustrated in Figures 6.7 to 6.9 which 
show clear relationships between the percentage of debris pieces blocked (D) and the 
bar spacing. Figures 6.7 and 6.8 show the percentage of debris blocked at different bar 
spacings for a range of screen angles or discharges. These relationships were best fitted 
by logarithmic functions and had high R
2
 regression coefficients ranging from 0.98 to 
1.00.  The functions and R
2
 regression coefficients associated with these graphs are 
detailed in Table 6.1. 





Difference in Blockage (%) 






Figure 6.7 Graphs showing comparison of total percentage of debris pieces blocked 
(D) by different bar spacings (S) for all debris lengths at different screen angles when 
discharge is (a) 0.005m
3
/s  (b) 0.021m
3
/s  and (c) 0.035m 3/s  
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Figure 6.8 Graphs showing comparison of total percentage of debris pieces blocked (D) by 
different bar spacings (S) for all debris lengths at different discharges when screen angle is 
(a) 30 degrees  (b) 45 degrees   (c) 60 degrees 
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Table 6.1 Equations and corresponding R
2
 regression coefficients for trends shown in 






(degrees) Trend function R
2
 
 0.005 30 D = -27.64ln(S) - 28.50 0.98 
 0.005 45 D = -28.68ln(S) - 31.38 0.98 
 0.005 60 D = -29.54ln(S) - 37.23 1.00 
 0.021 30 D = -26.27ln(S) - 25.35 0.99 
 0.021 45 D = -28.03ln(S) - 32.72 0.98 
 0.021 60 D = -28.35ln(S) - 40.85 0.99 
0.035 30 D = -33.25ln(S) - 44.27 0.99 
0.035 45 D = -25.97ln(S) - 28.47 0.99 




 values of 0.98 to 1.0 are higher than those associated with the corresponding 
trends plotted for individual debris lengths, 0.85 to 0.89 (Table 5.3).  This is likely to be 
due to the fact that plotting the aggregated results for all debris lengths against a single 
bar spacing has removed the variability that was evident when blockage was plotted 
against a debris length to bar spacing ratio (see for example Figure 5.6). 
Figure 6.9 shows the percentage of debris blocked at different screen positions. These 
relationships were best fitted by quadratic functions and had high R
2
 regression 
coefficients ranging from 0.97 to 0.99.  The functions and R
2
 regression coefficients 
associated with these graphs are detailed in Table 6.2. 
Paired t-test analysis was undertaken to determine whether there was a statistically 
significant difference in the percentage of blockage found and the results are 
summarised in Tables 6.3 to 6.5. 
 




Figure 6.9 Plot showing comparison of percentage of debris pieces blocked (D) by different 
bar spacings (S)for all debris lengths at different screen positions (screen angle 
60°).  Each marker represents the percentage of 1000 pieces of debris blocked. 
 
 
Table 6.2 Equations and corresponding R
2
 regression coefficients for trends shown in 






1 D = 2063.6S
2
 - 695.88S + 91.43 0.97 
2 D = 760.4S
2
 - 519.78S + 82.81 0.98 
3 D = 3055.7S
2
 - 911.37S + 89.81 0.98 
4 D = 3086.7S
2


























30 0.005 0.021 0.73 No 
30 0.005 0.035 0.22 No 
30 0.021 0.035 -0.19 No 
45 0.005 0.021 5.68 Yes 
45 0.005 0.035 3.75 Yes 
45 0.021 0.035 1.19 No 
60 0.005 0.021 12.13 Yes 
60 0.005 0.035 8.50 Yes 
60 0.021 0.035 1.60 No 
 
 













0.005 30 45 0.01 No 
0.005 30 60 3.56 Yes 
0.005 45 60 3.44 Yes 
0.021 30 45 4.16 Yes 
0.021 30 60 9.05 Yes 
0.021 45 60 5.68 Yes 
0.035 30 45 2.51 Yes 
0.035 30 60 7.93 Yes 
0.035 45 60 10.21 Yes 
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0.35 0.25 3.37 Yes 
0.35 0.15 7.52 Yes 
0.35 0.10 14.69 Yes 
0.25 0.15 3.31 Yes 
0.25 0.10 8.18 Yes 
0.15 0.10 14.59 Yes 
 
The analysis detailed in Figures 6.1 to 6.9 and Tables 6.1 to 6.5 shows that the proposed 
approach of using summary data based on blockage for all debris length is valid as, in 
common with the findings for blockage of individual lengths, the summary data shows 
clear relationships between debris blockage and bar spacing that vary with screen angle, 
discharge and relative velocity at the screen position. Having identified this as an 
appropriate approach, regression analysis was used to establish an empirical relationship 
between the contributing factors and blockage potential. The hypothetical relationship 
can be formalized by 
 
D    (A, S, Q, Pv)                                                                                                          (23) 
 
Where D = percentage of debris pieces blocked (%), A = screen angle (degrees), S = bar 
spacing (m), Q = discharge (m
3
/s), Pv = relative velocity at screen position. The position 
(Pv) values were calculated as the ratio of flow velocity at the point of screen 
intersection with the water surface to a base upstream flow velocity measured at a 
distance equal to three channel widths upstream of the culvert inlet. Details of the 
measured velocities can be found in Table 5.17. 
A log transformation (logit) was used during the regression analysis to allow limits to 
be set on the dependent variable (D). As D represents the percentage of pieces blocked, 
the limits were set at 0 and 100. After transformation a stepwise multiple regression 
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analysis was performed using a 95% probability significance limit. Output from the 
regression analysis can be found in Appendix I. 
A quadratic function was found to provide the best solution (Equation 24).  While Q 
was considered as a potentially contributing function in the hypothetical relationship 
(Equation 23), it was not found to be statistically significant and is therefore not 





     2.172 -31.443S   85.194S2 0.012A –0.975Pv                                         (24) 
 
The generated model had a high adjusted R
2
 value, 0.96 indicating that it was a very 
good fit to the test generated data and a similarly high Prediction R
2
 value, 0.95, 
indicating it had good predictive capabilities. The R
2
 values are higher for this model 
than for the model which included debris length as a predicting factor (Equation 22).  
When debris length was included the model performed better, in terms of predicting 
blockage, for some debris lengths than others; over estimating some and under 
estimating others. In particular, the model performed less well for the shortest and 
longest lengths. The aggregate model which does not include debris length as a 
parameter has evened out the over and under estimates therefore resulting in a better 
overall match to the experimental data.  
A plot of the percentage of debris pieces the model predicts will be blocked against the 
percentage actually blocked during testing is shown in Figure 6.10.  
Bar spacing (S), relative velocity (Pv) and screen angle (A) were found to be significant 
predictive factors; all factors had p-values < 0.0001. Figures 6.11 to 6.13 show the 
individual contributions made by each of these elements within the generated model.  
As a further measure of the contribution made by each of the individual elements, a 
sensitivity analysis was undertaken. The predicted blockage percentage (D) was 
calculated from the derived function for a mid value from the range tested (S=0.08m, 
A=45 degrees, Pv=1.35, D = 36.2). Predicted blockage values were then calculated 
when one element was increased and then decreased by 25% of its initial value while 
the other element values remained unchanged. The results are shown in Figure 6.14. 
 
 





Figure 6.10 Blockage predicted by aggregate model against actual debris pieces blocked. 




Figure 6.11 Influence of bar spacing on percentage blockage when screen angle = 45°, 
relative velocity  = 1.35. Similar trends were found for other tested angles and relative 
velocities. The dotted green lines show the 95% confidence interval. 
 





























Figure 6.12 Influence of screen position (relative velocity) on percentage blockage when 
screen angle = 45°, bar spacing  = 0.08m. Similar trends were found for other tested angles 





Figure 6.13 Influence of screen angle on percentage blockage when bar spacing  = 0.08m, 
relative velocity = 1.35. Similar trends were found for other tested bar spacings and 


























































Figure 6.14 Sensitivity analysis for summary data model showing change in predicted 
percentage of debris blocked when varying predictor variables by 25%  
S=Bar spacing,  Pv = Screen Position (relative velocity),  A = Screen Angle.   
 
Figures 6.11 and 6.12 show that, as for the previous models, less blockage occurs as bar 
spacing and relative velocity increase. This is reflected in the negative values for their 
coefficients in the model. The model has a positive coefficient for screen angle (Figure 
6.13) indicating that blockage will increase as the angle of the screen increases. 
However, as was found in the analysis outlined in the previous section, the sensitivity 
analysis (Figure 6.14) shows that the percentage blockage predicted by the model is 
noticeably less sensitive to changes in the screen angle than to changes in any of the 
other driving variables.   
 
6.4. Empirical Model Validation 
To validate the generated models, both models were used to predict the percentage of 
blockage for the configurations used when assessing the performance of multiple screen 
angles at a single location (assessment one, Section 5.4) as the results from this test 
were not used in generation of the models and the test was geometrically similar to the 
tests used to provide data for the initial model generation. Figures 6.15 and 6.16 show 
the blockage predicted by the developed models against the actual blockage recorded 
for the test runs.  The plots show similar patterns to those in the equivalent plots 
produced for the results on which the models were based (Figures 6.1 and 6.10).  While 
the predicted blockages show some deviation from the actual blockages recorded during 
testing, the deviations exhibit a normal distribution with minimum and maximum 
differences within the limits of the deviations found for the results used to generate the 
models (see Figures 6.17 to 6.20).   
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Figure 6.15 Blockage predicted by model against actual debris pieces blocked for 
validation data set. The position where actual equals predicted is shown by red line. 
 
 
Figure 6.16 Blockage predicted by aggregate model against actual debris pieces blocked 
for validation data set. The position where actual equals predicted is shown by red line. 
 
 




Figure 6.17 Distribution of deviation of predicted blockage from actual blockage for data 
used to generate full model 
 
 
Figure 6.18 Distribution of deviation of predicted blockage from actual blockage for data 
used to validate full model 
 
 
Figure 6.19 Distribution of deviation of predicted blockage from actual blockage for data    
used to generate aggregate model 
 




Figure 6.20 Distribution of deviation of predicted blockage from actual blockage for data 
used to validate aggregate model 
 
6.5. Development of a Tool for Blockage Estimation 
6.5.1. Overview  
The previous sections in this chapter detailed the development of models that were the 
best fit to the generated empirical data. These models are useful for estimating 
likelihood of blockage where the parameters for screen angle, bar spacing, relative 
velocity and debris length fall within the minimum and maximum values used during 
testing. However, to provide a practical estimating tool that could be used for real field 
conditions, the models must also be capable of estimating blockage where the 
parameters fall out-with the tested limits.   
To assess how the generated models performed, the models were tested using a range of 
debris lengths, bar spacings, screen angles and relative velocities that exceeded the 
maximum values used during the experimental phase. For all bar spacings, screen 
angles and relative velocities, estimated blockage was found to decrease as debris length 
increased once above a threshold length. This appears to be mainly due to the influence 
of debris length on the model as shown in Figure 5.16. This plot indicates that less 
blockage occurs at the longest debris lengths. As discussed in Chapter 5, a number of 
factors may have influenced this trend and it seems unlikely that blockage would 
continue to decrease as debris length relative to bar spacing increases. The empirically 
generated models (Equations 22 and 24) were not found to provide realistic estimates 
for values when the trends are extrapolated beyond the range of the test data, 
particularly where debris length is greater than the tested lengths. Therefore different 
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models are required for an effective blockage estimation tool. Simplified linear models 
were thought to potentially offer a practical solution. 
 
6.5.2. Development of simplified linear models  
As detailed in Sections 6.2 and 6.3, quadratic functions were found to provide the best 
fit solutions to define the empirical relationship between contributing factors and 
blockage potential for the data generated from testing. However, to simplify the model, 
regression analysis was used to establish a linear relationship for the same data.  As 
presented in Section 5.2.4, a log transformation (logit) was used during the regression 
analysis to allow limits of 0 and 100 to be set on the dependent variable (D). Output 
from the regression analysis can be found in Appendix J. 
The generated linear models for both the full data set that included debris length as a 
parameter (Equation 25) and the aggregated data set without a debris length parameter 
(Equation 26) had relatively high adjusted R
2
 values of 0.72 and 0.93 respectively. This 
indicates that they were a reasonably good fit to the test generated data. They also had 
relatively high Prediction R
2
 values of 0.72 and 0.92 indicating they had good predictive 
capabilities.  The R
2
 values for the aggregated model was higher due to the fact that the 
model including debris length had a tendency to over predict blockage for some lengths 
and under predict for others. The model tends to over predict blockage to some degree 
where the debris length to bar spacing ratio is less than around 1.5 or greater than 
around 7 and under predict for ratios of between 2 and 4. By grouping all lengths 











     1.635 -16.136S    0.012A  –  0.975Pv                                                      (26) 
 
 
Plots of the percentage of debris pieces the linear models predict will be blocked against 
the percentage actually blocked during testing are shown in Figures 6.21 and 6.22.   
 
 





Figure 6.21 Blockage predicted by full linear model against actual debris pieces blocked. 




Figure 6.22 Blockage predicted by aggregated linear model against actual debris pieces 
blocked. The position where actual equals predicted is shown by the red line. 
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As highlighted in Figure 6.23, the linear model shows a generally greater deviation from 
the actual blockage recorded than was found for the estimates produced from the 
empirical model (Figure 6.1) and some noticeable groups where the differences are 
particularly high.   
 
(a)    (b)  
6.23 Comparison of model estimates produced by the (a) original empirical model (Figure 
6.1) and (b) linear empirical model (Figure 6.21).  The shaded areas are identical on each 
graph  
 
In addition, the estimates of blockage produced using the linear model exhibit a 
different pattern of deviation from the actual blockage than the estimates produced from 
the full empirical model. While the estimates from the empirical model show an 
approximately even distribution of over and under estimates, with the exception of a 
few outliers; the estimates from the linear model show a greater degree of data 
clumping. For example, there are noticeable over estimates where the actual percentage 
blocked was less than 10 percent or over 80 percent, and a marked tendency to 
underestimate blockage where the actual blockage recorded was between around 60 and 
80 percent.   
In contrast, the estimates produced from the linear model that does not include debris 
length (Figure 6.22) show a similar pattern of distribution to those produced using the 
equivalent empirical model (Figure 6.10) with only a very slight general increase in 




Original model Linear model 




(a)    (b)  
6.24 Comparison of aggregate model estimates of blockage against recorded blockage 
produced by the (a) original empirical model (Figure 6.10) and (b) linear empirical model 
(Figure 6.22).  The shaded areas are identical on each graph.  
 
For the linear model based on the full data set, debris length (L), bar spacing (S), 
relative velocity (Pv) and screen angle (A) were found to be significant predictive 
factors; all factors had p-values < 0.0001. Figures 6.25 to 6.28 show the individual 
contributions made by each of these elements within the generated model.  
For the model based on the aggregated data set, bar spacing (S), relative velocity (Pv) 
and screen angle (A) were found to be significant predictive factors; all factors had p-
values < 0.0001. Figures 6.29 to 6.31 show the individual contributions made by each of 
these elements within the generated model. 
 
 
original model Linear model 




Figure 6.25 Influence of bar spacing on percentage blockage when screen angle = 45°, 
relative velocity  = 1.35, debris length = 0.18m. Similar trends were found for other tested 





Figure 6.26 Influence of screen position (relative velocity) on percentage blockage when 
screen angle = 45°, bar spacing  = 0.08m, debris length = 0.18m. Similar trends were found 
for other tested angles, spacings and debris lengths. The dotted green lines show the 95% 
confidence interval. 
 









































































Figure 6.27 Influence of debris length on percentage blockage when screen angle = 45°, 
bar spacing  = 0.08m, relative velocity  = 1.35. Similar trends were found for other tested 




Figure 6.28 Influence of screen angle on percentage blockage when bar spacing  = 0.08m, 
relative velocity = 1.35, debris length = 0.18m. Similar trends were found for other tested 











































































Figure 6.29Aggregate model: Influence of bar spacing on percentage blockage when 
screen angle = 45° and  relative velocity  = 1.35. Similar trends were found for other tested 




Figure 6.30 Aggregate model: Influence of screen position (relative velocity) on percentage 
blockage when screen angle = 45° and bar spacing  = 0.08m. Similar trends were found for 










































































Figure 6.31 Aggregate model: Influence of screen angle on percentage blockage when bar 
spacing  = 0.08m and relative velocity = 1.35. Similar trends were found for other tested 
bar spacings and relative velocities. The dotted green lines show the 95% confidence 
interval. 
 
These plots show that the extent of the influence of individual parameters in the linear 
models is very similar to that shown by the contributing parameters for the more 
comprehensive models discussed in Chapter 5 and Sections 6.2 and 6.3.  
Although not as precise as the best fit models described in Sections 6.2 and 6.3, the 
generated linear models (Equations 6.25 and 6.26) showed acceptable predictive 
capabilities. 
While the model equations (Equations 25 and 26) can be used directly, the 
incorporation of the models into an end user focused tool offers a simple and accessible 
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6.5.3. Estimated blockage nomograph 
Nomographs are used in a number of disciplines and historically were a key tool in 
engineering. A graphical approach is still commonly used for many engineering 
applications, including a number of standard calculation methods detailed in the current 
guidelines for trash screen design (EA, 2009). While the use of nomographs has in 
many cases been superseded by computer based tools, nomographs still offer a simple 
mechanism for visual expression of an equation that can allow more precise reading 
than the use of conventional graphs. In addition many engineers are familiar with this 
type of tool as they have been used to aid a number of calculations in civil engineering, 
including culvert design, and are suggested for use both within published standard 
guidelines (e.g. Amec, 2008; Lagasse et al., 2009, Schall et al., 2012)  and by 
commercial product suppliers (e.g. Cretex, 2012).  
Nomographs developed for the linear models described in Section 6.5.2 are shown in 
Figures 6.32 and 6.33. Figure 6.34 shows how the nomograph can be used to estimate 





















Figure 6.32 Trash screen blockage nomograph for use where debris length known 
 




Figure 6.33 Trash screen blockage nomograph for use where debris length unknown 
 





Figure 6.34 Trash screen blockage estimator with an isopleth showing estimated blockage 
for a screen angle of 45 degrees, bar spacing of 0.15m, a relative velocity of 1.6 and a 
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6.5.4. Estimated blockage interactive spreadsheet 
While the nomographs offer a simple graphical tool for blockage estimation, a computer 
based tool provides a consistently more precise estimate than is likely from manual 
reading from a scale which is required for use of the nomograph.  In order to provide an 
accessible estimation tool that may be used on a number of platforms a macro driven 
Excel based spreadsheet was used to develop an estimation tool. The spreadsheet has a 
simple easy to use interface that allows the user to enter known parameters. It then 
calculates the estimated blockage based on either the full empirical model or the 
simplified linear model. The user may select which model to base the estimate on from 
the dropdown list. If a debris length is entered, the estimation is based on the full data 
models: if no debris length is entered the estimate is based on the aggregated data 
models. The user interface is shown in Figure 6.35.  Estimates may be generated by 
using the up and down arrows associated with individual parameters or the values may 
be keyed in directly and the ‗Estimate‘ button clicked to produce the calculated value. 
 
 
Figure 6.35 Interface to spreadsheet based Culvert Screen Blockage Estimator 
 
Basic validation is carried out on entry of the known parameters and an appropriate 
error message is displayed if the entered values fall out-with the required ranges (see 
Figure 6.36). If the empirical model is selected and the entered parameters fall out-with 
the range of tested values then a warning message is displayed (see Figure 6.37). 
The visual basic macros associated with the Blockage Estimator can be found in 
Appendix K. 





Figure 6.36 Interface to spreadsheet based Culvert Screen Blockage Estimator showing 




Figure 6.37 Interface to spreadsheet based Culvert Screen Blockage Estimator showing 
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6.5.5. Limitations of the tools 
These estimation tools provide a user friendly method for using the model equations to 
estimate potential blockage. However, they are still limited by the accuracy of the 
models themselves and therefore must be used with caution. Further refinement and 
validation using laboratory and field based data is required to fully develop the 
underlying models into more accurate predictive tools. In addition these tools only 
consider a limited number of parameters; many other factors may also influence 
blockage potential and must be considered alongside the blockage potential of the 
screen geometry and position. 
 
6.6. Dimensional analysis 
As noted in Section 4.2, dimensional analysis has played a significant role in developing 
the use of models in hydraulic research. Dimensional analysis can provide information 
about the process under investigation by expressing it as a dimensionally correct 
equation (Novak et al., 2010).  To express the models generated during this research as 
dimensionless relationships Buckinham‘s method was applied to the generated full 
empirical model (Equation 22). This generated an initial expression of the relationship 
as shown in Equation 27. 
    (D, A, S ,L, Pv)   0                                                                                                   (27) 
This expression contains five variables and one dimension, length, applicable to debris 
length (L) and bar spacing (S); Blockage (D), Screen angle (A) and Relative velocity at 
screen position (Pv) are dimesionless. Applying Buckinghams method, using S as a 
repeating variable, resulted in the formation of a relationship expressed in terms of four 
(dimensionless groups (Equation 28). 
    (Sa1D, Sa2A, Sa3L, Sa4Pv)   0                                                                                 (28) 
To achieve dimensionless variables the following values for the variable powers were 
applied: a1 = 0, a2 = 0, a3=-1, a4  =0 giving a final expression for blockage(D) as 
shown in Equation 29.  
  D     (A, 
L
S
, Pv)                                                                                                         (29) 
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While dimensionless relationships may improve scalability and offer the potential for 
wider application of a model, the use of the debris length to bar spacing ratio (L:S) as a 
variable does not truly reflect the physical processes involved, as highlighted by the 
different pattern of blockage observed for identical L:S ratios for short and long lengths 
of debris (Section 5.2.2). Therefore, the generated dimensionless relationship (Equation 
28) was not developed any further. 
However, a number of other known variables may be included to produce an alternative 
dimensionless relationship. For example, Equation 30 shows a dimensionless 
relationship generated by including channel width (Wc) and screen width (Ws). 






, Pv)                                                                                                (30) 
Given that only single values of Wc and Ws were used throughout, the data collected do 
not give sufficient scope for the calibration of models of the type in Equation 30. Thus, 
further studies investigating different channel widths and screen widths may be 
beneficial in further refining the developed models. 
 
6.7. Chapter Summary 
This chapter used the data gathered during testing to establish empirical models 
defining blockage in terms of all the identified driving factors. Two empirical models 
were developed: the first defining blockage in terms of bar spacing, debris length, 
screen angle, discharge and relative velocity while the second model, based on an 
aggregated data set, defined blockage in terms of bar spacing, screen angle, discharge 
and relative velocity. 
Regression analysis was used to establish an empirical relationship between the 
contributing factors and blockage potential. Quadratic functions were shown to offer the 
best fit with both models having high R
2
 values.  
The model based on the results for individual debris lengths identified debris length, bar 
spacing, screen position in terms of relative velocity, and screen angle as significant 
predicting factors. While blockage was found to increase as both bar spacing and 
relative velocity decreased, an increase in screen angle resulted in a slight increase in 
blockage. The influence of debris length was shown to be somewhat more complex: 
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initially an increase in debris length results in an increase in blockage but once a 
threshold length has been reached blockage appears to decrease as length increases. 
The model based on the aggregated results, which provided a percentage of debris 
blocked for all debris lengths, identified bar spacing, screen position in terms of relative 
velocity, and screen angle as significant predicting factors. While blockage was found to 
increase as both bar spacing and relative velocity decreased an increase in screen angle 
resulted in a slight increase in blockage.  A sensitivity analysis showed that the model 
was less sensitive to changes in screen area than to changes in the value of the other 
contributing parameters. 
Results from testing that had not been used to generate the models were used for 
validation and plots of the predicted blockage generated by the models against the 
actual blockage recorded showed that the models could be used to produce reasonable 
estimates.  
The chapter then detailed the generation of linear models from the test data. These 
simplified models were required as the best fit empirical models did not function 
particularly effectively when extrapolated out-with the range of data values tested. It 
was found that while these simplified models had reduced accuracy when compared to 
the best fit empirical models they still had a reasonable predictive capability. 
The generated linear models were used as the basis for two end user focused tools: a 
nomograph and an interactive spreadsheet. These tools offer a simple and novel 
approach to estimating the likelihood of debris becoming blocked at a screen. 
The generated models were used to develop dimensionless relationships. The use of the 
debris length to bar spacing ratio as an alternative to including these two variables 
independently was not considered to reflect the underlying observed behaviour. An 
alternative dimensionless relationship considering the additional variables of  channel 
width and screen width was suggested as a potentially useful approach to further 






Chapter 7                         
7. Conclusions and Recommendations for Further Study 
7.1. Overview 
The research outlined in the preceding chapters set out to determine if aspects of trash 
screen geometry and location had an influence on potential blockage by debris. An 
experimental approach was taken, using a Froude scaled physical model to represent a 
generic prototype culvert.  
To support the experimental analysis, a wide-ranging literature review was undertaken 
that covered the structure, use and maintenance of culverts and trash screens; water flow 
in culverted channels; trash screen hydraulics; sources of debris; mechanisms of debris 
transport and accumulation; and existing methods of debris control. In addition, the 
review also considered different modelling approaches used in hydraulic research. 
This review was important in order to understand the fundamentals of culvert and trash 
screen design and hydraulics and also the potential flood risks associated with their 
installation and operation. The review clarified the current knowledge base supporting 
existing culvert and trash screen design and implementation guidelines and highlighted 
the need for experimental analysis and detailed investigation of how aspects of trash 
screen design, other than screen area, influence blockage potential. 
The aim of this research was supported by four objectives: 
1. The development of a physical model  
2. The use of the constructed model to investigate blockage at a screen 
3. The development of an empirical relationship  
4. An assessment of the impact of the findings on current screen design guidelines 
To meet the first objective, a Froude scaled physical model was developed and shown to 
be robust and appropriate for the required testing. The empirical approach to the 
research has resulted in the development of a novel methodology that can be used to 
assess the performance of various trash screen configurations and may also be adapted 
to assess different screen and inlet combinations.  
The second and third objectives were met through an extensive series of tests which 
were undertaken to assess the influence of bar spacing, screen angle, debris length, 
discharge, bed slope and screen position relative to the culvert inlet. This research was 
the first major experimental assessment of trash screen performance in hydraulic 
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conditions specific to a culvert inlet. In addition, the data set gathered was much more 
extensive than that gathered for previously reported studies of debris screen efficiency. 
The study by Padilla & Clark (2008) assessed 44 different screen configuration and 
discharge combinations while the assessment of screen efficiency undertaken by Xiang 
et al. (2009) considered only 32 different screen configuration and discharge 
combinations. The analysis reported in the preceding chapters was based on tests carried 
out on a total of 147 different trash screen configuration and discharge combinations 
and results for 147,000 pieces of debris were recorded. The resulting comprehensive 
data set was used to develop an empirical relationship that defines blockage potential in 
relation to individual contributing factors. The empirical results were then used as the 
basis for generating a simplified relationship that was used to develop end user focused 
tools for estimation of potential blockage. The potential impact of the findings of the 
research on current design guidelines is discussed in Section 7.3. 
 
7.2. Main Findings 
In addition to developing a novel methodology that allows comparison of the efficiency 
of different trash screen configurations, the research detailed in the preceding chapters 
has increased the scientific knowledge base surrounding the complex issue of debris 
blockage at trash screens. Current understanding has been extended through the use of 
an empirical approach that gathered an extensive data set and correlates the probability 
of debris becoming blocked at a trash screen with key contributing properties of the 
screen‘s design and installation. The resulting analysis facilitated the development of 
relationships that, once further refined and fully validated, may be used to help assess 
potential design options where a new culvert trash screen is required.   
The main findings of the research were: 
 The influence of bar spacing 
There is a clear relationship between the likelihood of a piece of debris being 
trapped by a screen and the debris length to bar spacing ratio (L:S):  as L:S 
increases more pieces of debris are likely to become blocked (Section 5.2.3). 
While this finding is perhaps not unexpected the relationship was shown not to 
be linear but best represented by a logarithmic function. For small ratios, less 
than around 1.5, the controlling factor appeared to be simply whether the full 
length of the debris could pass through the gap between the bars.  However, at 
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higher ratios in addition to the influence of the debris length to bar spacing ratio, 
the orientation of the debris had a noticeable influence. The passage of the debris 
through the screen varied depending on its orientation relative to the direction of 
flow and on its position within the channel, with pieces parallel to the direction 
of flow less likely to become trapped. 
In all generated models, bar spacing was found to be a statistically significant 
factor in determining potential blockage. 
 
 The influence of screen angle 
During the initial testing there was a relatively small but marked difference in 
blockage over the range of angles investigated, particularly at higher discharges 
(Section 5.2.3). Higher angle screens (measured from the channel bed) 
consistently resulted in a lower percentage of pieces of debris blocked for any 
given debris length to bar spacing ratio though these results may have been 
influenced heavily by the position of the screen relative to the culvert inlet. A 
screen at 60 degrees intersected the water surface closer to the culvert than a 
screen at 30 degrees.  
When screen performance was assessed for different angled screens that 
intersected the water surface at the same position, only a very minor difference 
in performance was noted (Section 5.4.3).  However, screen angle was found to 
be a statistically significant parameter in both of the generated empirical models 
(Equations 22 and 24) although it had much less influence on the estimated 
blockage generated than the other parameters (see Sections 6.2 and 6.3). In both 
models the coefficient while small is positive, indicating that blockage increases 
as screen angle increases. While this contradicts the findings from the initial 
testing it matches the findings of Wallerstein and Arthur (2011) who also 
reported that blockage increased as angle increased. Their findings were based 
on a set of field data gathered from functioning trash screens. 
 
 The influence of discharge 
The results from the empirical analysis show that as discharge increased, the 
proportion of debris pieces trapped by the screen fell slightly (Section 5.2.3). At 
the higher flow velocities associated with higher discharges, more debris rotated 
to align parallel to the flow direction facilitating passage through the screen. In 
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addition, at lower flow rates, debris had a greater tendency to remain balanced 
across a single bar.  
Empirical analysis of the initial testing indicated discharge was a contributing 
factor although had it substantially less influence than the other driving 
parameters (see Section 5.2.4). However, the final generated best fit empirical 
models do not include discharge as it was not found to be statistically 
significant.  
 
 The influence of bed slope 
The relationships identified between the debris length to bar spacing ratio and 
blockage appear to be valid regardless of the bed slope (Section 5.3.3).  A 
statistically significant difference in screen performance for some bed slopes 
was found during testing with screens at 45 and 60 degrees but was not apparent 
for screens at 30 degrees. This change in performance under different flow 
conditions due to changes in bed slope appears to be due to a combination of the 
change in the position of the screen relative to the area of rapid flow acceleration 
created as the water is constricted at the culvert inlet, and changing water depths 
at the screen resulting from flow build up at the headwall.  Bed slope was not 
found to be a statistically significant contributing factor to potential blockage at 
the screen (Section 5.3.4). This confirms an observation by Wallerstein and 
Arthur (2012) based on field  data who noted that that upstream bed slope 
appeared to exert no significant influence on potential load delivery. Therefore it 
appears that bed slope exerts no noticeable impact on debris blockage at a trash 
screen. 
 
 The influence of screen position 
The mid-stream depth averaged flow velocity within the channel was shown to 
increase as it approached the culvert inlet (Figure 5.21). This acceleration in 
flow exerts forces on the debris that affect both its orientation relative to the 
flow direction and its potential for being pulled through the screen bars.  
Therefore, the position of the screen relative to the area of flow acceleration will 
have a significant impact on its blocking capability. This was reflected in the 
results which showed that as the distance of the screen from the culvert inlet 
increased the percentage of debris pieces blocked also increased (Section 5.4.3). 
The relative velocity at the point the screen intersects the water surface was 
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considered to be an appropriate reflection of the screens position and was 
included as a potential contributing factor in the empirical analysis. In all 
generated models, the relative velocity at the screens position was found to be 
one of the most significant influencing factors in determining the likelihood that 
debris would become blocked. 
 
 Development of a predictive tool 
While quadratic functions were found to provide the best fit for the empirical 
data (Sections 6.2 and 6.3), simplified linear models were generated which 
although not as accurate as the best fit models, showed acceptable predictive 
capabilities where extrapolations from the tested parameter ranges were required 
(Section 6.5.2).  
The linear models were used to produce two end user focused tools, a 
nomograph and an interactive spreadsheet, to provide novel, simple and 
accessible approaches for estimating potential blockage at a screen. The 
nomograph provides a simple graphical mechanism for visualising and using the 
model (Section 6.5.3) while the interactive spreadsheet (Section 6.5.4) allows 
for estimation based on either the best fit empirical or simplified linear models. 
 
 
7.3. Practical Implications for Trash Screen Design and Implementation 
Positioning the screen a distance upstream from the culvert inlet is often considered a 
practical approach to allow horizontal working platforms to be positioned between the 
headwall and screen for ease of maintenance or to increase the available surface area of 
the screen. However, given the findings from this research, this approach may increase 
the likelihood of the screen becoming blocked. While it is acknowledged that many 
factors can influence potential blockage, all other things being equal, a screen with a 
smaller overall area positioned closer to the culvert inlet may offer a reduced potential 
for blockage therefore reducing any flood risk associated with the installation of a 
screen. 
Current guidelines (EA, 2009) recommend that a comprehensive hydraulic analysis 
should be undertaken in order to determine optimum trash screen design. This analysis 
would be enhanced by an assessment of potential blockage at any planned trash screen. 
While the models generated from the empirical data gathered during this research 
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require further development and validation before they can provide direct estimates of 
blockage, it may be worth noting within the guidelines that the position of the screen 
within the zone of flow acceleration has a significant influence on blockage potential. 
Any hydraulic modelling of potential screen designs undertaken during the design phase 
could then consider position relative to the culvert inlet along with all other design 
aspects. 
A recent study has focused on developing a process to rank culverts in terms of their 
blockage potential as a mechanism for optimising operation and maintenance regimes 
(Wallerstein & Arthur, 2012). Although not considered as part of the research detailed 
in the preceding chapters, it should be possible to use the developed models to highlight 
high risk or low risk existing screens in terms of potential blockage for that screen 
design. This could then be incorporated as an additional factor in the decision tool 
developed in that study. 
 
7.4. Recommendations for Future Work 
The research to date has highlighted a number of areas relating to screen performance 
that would benefit from further investigation. These research requirements can be 
grouped into four main areas:  
1. Further analysis and validation of tested components 
2. Testing of additional factors 
3. Further consideration of debris  
4. Analysis of patterns of blockage 
 
7.4.1.        Further analysis and validation of tested components  
While the derived models were validated against a small data set (Section 6.4), the use 
of a larger data set derived from a different experimental set up or from field based data 
would be beneficial to help assess the applicability of the derived models to more 
general conditions. 
As discussed in Section 7.2, the influence of screen angle is still somewhat unclear. The 
results used for data analysis were gathered using only three different screen angles with 
approximately 50% of the results from testing using a single screen angle (60 degrees).  
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A more comprehensive experimental analysis of the influence of screen angle assessing 
a greater number of screen angles and testing all angles under different flow conditions 
may help clarify the role screen angle plays in debris blockage.  
 
7.4.2.      Testing of additional factors  
The research identified screen components that influenced blockage potential. However 
a number of other aspects of screen geometry may also influence blockage potential and 
the test rig could be adapted to assess their performance. These include: the presence 
and positioning of cross bar supports; bar shape and material; the design of working 
platforms; the angle of the screen relative to the flow direction; the shape of the screen 
(e.g. straight slope or parabolic curve).  
One of the major findings of the research is the influence of relative flow velocity on 
blockage potential therefore there is a need to assess screen performance in different 
flow environments such as: different flow patterns caused by different diameter culverts 
relative to channel width; changes in flow due to the influence of wingwalls or other 
inlet features; flow patterns caused by the shape of the upstream channel including 
upstream bends or natural or artificial obstacles. An assessment of how varying flow 
velocities and patterns across the channel width, caused by the inlet and screen 
structure, influence debris orientation may be particularly useful. 
In addition, the research to date has only considered culvert operation under routine 
operating conditions. There is a need to look at the performance of trash screens under 
more extreme flows that represent flood conditions. 
 
7.4.3.     Further consideration of debris 
The research to date has focused specifically on screen performance and therefore the 
use of dowel to represent debris was appropriate to eliminate the influence of factors 
related to the variable nature of debris.  However, natural debris has a much more 
complex geometry and the use of more representative debris including root wads and 
leaves should be considered.   
Another simplification used in the research to date was debris was always introduced to 
the water at the midpoint of the channel. While this approach was taken in order to 
retain focus on screen performance as it removed an additional variable from the 
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analysis, in natural environments debris may enter the watercourse across the full 
channel width. An investigation of how point of entry affects debris transport and 
potential deposition at a screen would be useful. 
Non-floating debris can play a significant role in blockage at trash screens (e.g. Abt et 
al., 1992). A similar experimental approach to that outlined in the preceding chapters 
could be used to investigate the transport, deposition and accumulation of non-floating 
debris.  
 
7.4.4.     Analysis of patterns of blockage  
Although for the purposes of this study balanced, bridged and wedged debris were 
treated the same and classed as blocked, there is a fundamental difference in the 
potential blocking capabilities of these situations. For example, debris bridged across 
two or more bars can provide a possible starter log for the formation of jams. In a study 
looking at the transport of debris in the presence of obstacles, Bocchiola et al. (2006b) 
report that qualitative experimental results showed that when a moving dowel made 
contact with a bridging log, the bridging log generally remained in place and tended to 
lead to the formation of a jam. In contrast, when a moving dowel makes contact with a 
balanced log, the balancing log may or may not be swept away, depending on the size 
and momentum of the moving dowel.  Therefore further analysis of blocking patterns 
looking at the type of blocking that occurred would be beneficial in gaining a more 
detailed understanding of the blockage process.   
The research to date focused on the trapping of an initial piece of debris but there is also 
a need to look at cumulative debris build up on a screen. A number of factors could be 
investigated including: the stability of debris accumulations under different flow 
conditions; the hydraulic impact of different percentages and locations of blockage; 
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Appendix A – Results from Sample Size Test 


















SSB40D501 45 0.035 0.04 0.050 77 
SSB40D502 45 0.035 0.04 0.050 75 
SSB40D503 45 0.035 0.04 0.050 77 
SSB40D504 45 0.035 0.04 0.050 78 
SSB40D505 45 0.035 0.04 0.050 75 
SSB40D506 45 0.035 0.04 0.050 76 
SSB40D507 45 0.035 0.04 0.050 76 
SSB40D508 45 0.035 0.04 0.050 74 
SSB40D509 45 0.035 0.04 0.050 77 
SSB40D5010 45 0.035 0.04 0.050 77 
SSB40D2001 45 0.035 0.04 0.200 30 
SSB40D2002 45 0.035 0.04 0.200 29 
SSB40D2003 45 0.035 0.04 0.200 28 
SSB40D2004 45 0.035 0.04 0.200 30 
SSB40D2005 45 0.035 0.04 0.200 30 
SSB40D2006 45 0.035 0.04 0.200 30 
SSB40D2007 45 0.035 0.04 0.200 33 
SSB40D2008 45 0.035 0.04 0.200 32 
SSB40D2009 45 0.035 0.04 0.200 31 
SSB40D20010 45 0.035 0.04 0.200 28 
SSB40D3251 45 0.035 0.04 0.325 30 
SSB40D3252 45 0.035 0.04 0.325 31 
SSB40D3253 45 0.035 0.04 0.325 27 
SSB40D3254 45 0.035 0.04 0.325 28 
SSB40D3255 45 0.035 0.04 0.325 31 
SSB40D3256 45 0.035 0.04 0.325 28 
SSB40D3257 45 0.035 0.04 0.325 29 
SSB40D3258 45 0.035 0.04 0.325 29 
SSB40D3259 45 0.035 0.04 0.325 31 
SSB40D32510 45 0.035 0.04 0.325 27 
SSB60D501 45 0.035 0.06 0.050 93 
SSB60D502 45 0.035 0.06 0.050 91 





















SSB60D504 45 0.035 0.06 0.050 96 
SSB60D505 45 0.035 0.06 0.050 95 
SSB60D506 45 0.035 0.06 0.050 93 
SSB60D507 45 0.035 0.06 0.050 91 
SSB60D508 45 0.035 0.06 0.050 96 
SSB60D509 45 0.035 0.06 0.050 94 
SSB60D5010 45 0.035 0.06 0.050 92 
SSB60D2001 45 0.035 0.06 0.200 36 
SSB60D2002 45 0.035 0.06 0.200 32 
SSB60D2003 45 0.035 0.06 0.200 32 
SSB60D2004 45 0.035 0.06 0.200 32 
SSB60D2005 45 0.035 0.06 0.200 36 
SSB60D2006 45 0.035 0.06 0.200 36 
SSB60D2007 45 0.035 0.06 0.200 35 
SSB60D2008 45 0.035 0.06 0.200 37 
SSB60D2009 45 0.035 0.06 0.200 30 
SSB60D20010 45 0.035 0.06 0.200 37 
SSB60D3251 45 0.035 0.06 0.325 32 
SSB60D3252 45 0.035 0.06 0.325 32 
SSB60D3253 45 0.035 0.06 0.325 32 
SSB60D3254 45 0.035 0.06 0.325 32 
SSB60D3255 45 0.035 0.06 0.325 36 
SSB60D3256 45 0.035 0.06 0.325 31 
SSB60D3257 45 0.035 0.06 0.325 35 
SSB60D3258 45 0.035 0.06 0.325 31 
SSB60D3259 45 0.035 0.06 0.325 31 
SSB60D32510 45 0.035 0.06 0.325 29 
SSB100D501 45 0.035 0.10 0.050 96 
SSB100D502 45 0.035 0.10 0.050 99 
SSB100D503 45 0.035 0.10 0.050 94 
SSB100D504 45 0.035 0.10 0.050 95 
SSB100D505 45 0.035 0.10 0.050 97 
SSB100D506 45 0.035 0.10 0.050 98 
SSB100D507 45 0.035 0.10 0.050 96 





















SSB100D509 45 0.035 0.10 0.050 95 
SSB100D5010 45 0.035 0.10 0.050 97 
SSB100D2001 45 0.035 0.10 0.200 52 
SSB100D2002 45 0.035 0.10 0.200 52 
SSB100D2003 45 0.035 0.10 0.200 51 
SSB100D2004 45 0.035 0.10 0.200 54 
SSB100D2005 45 0.035 0.10 0.200 51 
SSB100D2006 45 0.035 0.10 0.200 52 
SSB100D2007 45 0.035 0.10 0.200 52 
SSB100D2008 45 0.035 0.10 0.200 54 
SSB100D2009 45 0.035 0.10 0.200 54 
SSB100D20010 45 0.035 0.10 0.200 54 
SSB100D3251 45 0.035 0.10 0.325 44 
SSB100D3252 45 0.035 0.10 0.325 41 
SSB100D3253 45 0.035 0.10 0.325 40 
SSB100D3254 45 0.035 0.10 0.325 41 
SSB100D3255 45 0.035 0.10 0.325 45 
SSB100D3256 45 0.035 0.10 0.325 43 
SSB100D3257 45 0.035 0.10 0.325 44 
SSB100D3258 45 0.035 0.10 0.325 43 
SSB100D3259 45 0.035 0.10 0.325 42 







Appendix B – Results from Initial Testing 





















T1S1P0A30B30QHD25 30 30 0.035 25 0.83 92 8 
T1S1P0A30B30QHD50 30 30 0.035 50 1.67 37 63 
T1S1P0A30B30QHD75 30 30 0.035 75 2.50 18 82 
T1S1P0A30B30QHD100 30 30 0.035 100 3.33 18 82 
T1S1P0A30B30QHD150 30 30 0.035 150 5.00 21 79 
T1S1P0A30B30QHD200 30 30 0.035 200 6.67 22 78 
T1S1P0A30B30QHD275 30 30 0.035 275 9.17 18 82 
T1S1P0A30B30QHD300 30 30 0.035 300 10.00 20 80 
T1S1P0A30B30QHD325 30 30 0.035 325 10.83 18 82 
T1S1P0A30B30QHD350 30 30 0.035 350 11.67 25 75 
T1S1P0A30B40QHD25 30 40 0.035 25 0.63 94 6 
T1S1P0A30B40QHD50 30 40 0.035 50 1.25 69 31 
T1S1P0A30B40QHD75 30 40 0.035 75 1.88 37 63 
T1S1P0A30B40QHD100 30 40 0.035 100 2.50 30 70 
T1S1P0A30B40QHD150 30 40 0.035 150 3.75 27 73 
T1S1P0A30B40QHD200 30 40 0.035 200 5.00 25 75 
T1S1P0A30B40QHD275 30 40 0.035 275 6.88 20 80 
T1S1P0A30B40QHD300 30 40 0.035 300 7.50 19 81 
T1S1P0A30B40QHD325 30 40 0.035 325 8.13 21 79 
T1S1P0A30B40QHD350 30 40 0.035 350 8.75 21 79 
T1S1P0A30B50QHD25 30 50 0.035 25 0.50 97 3 
T1S1P0A30B50QHD50 30 50 0.035 50 1.00 88 12 
T1S1P0A30B50QHD75 30 50 0.035 75 1.50 56 44 
T1S1P0A30B50QHD100 30 50 0.035 100 2.00 44 56 
T1S1P0A30B50QHD150 30 50 0.035 150 3.00 36 64 
T1S1P0A30B50QHD200 30 50 0.035 200 4.00 40 60 
T1S1P0A30B50QHD275 30 50 0.035 275 5.50 28 72 
T1S1P0A30B50QHD300 30 50 0.035 300 6.00 30 70 
T1S1P0A30B50QHD325 30 50 0.035 325 6.50 24 76 
T1S1P0A30B50QHD350 30 50 0.035 350 7.00 23 77 
T1S1P0A30B60QHD25 30 60 0.035 25 0.42 95 5 
T1S1P0A30B60QHD50 30 60 0.035 50 0.83 92 8 
























T1S1P0A30B60QHD100 30 60 0.035 100 1.67 46 54 
T1S1P0A30B60QHD150 30 60 0.035 150 2.50 31 69 
T1S1P0A30B60QHD200 30 60 0.035 200 3.33 31 69 
T1S1P0A30B60QHD275 30 60 0.035 275 4.58 23 77 
T1S1P0A30B60QHD300 30 60 0.035 300 5.00 27 73 
T1S1P0A30B60QHD325 30 60 0.035 325 5.42 26 74 
T1S1P0A30B60QHD350 30 60 0.035 350 5.83 33 67 
T1S1P0A30B80QHD25 30 80 0.035 25 0.31 99 1 
T1S1P0A30B80QHD50 30 80 0.035 50 0.63 96 4 
T1S1P0A30B80QHD75 30 80 0.035 75 0.94 98 2 
T1S1P0A30B80QHD100 30 80 0.035 100 1.25 72 28 
T1S1P0A30B80QHD150 30 80 0.035 150 1.88 38 62 
T1S1P0A30B80QHD200 30 80 0.035 200 2.50 47 53 
T1S1P0A30B80QHD275 30 80 0.035 275 3.44 41 59 
T1S1P0A30B80QHD300 30 80 0.035 300 3.75 41 59 
T1S1P0A30B80QHD325 30 80 0.035 325 4.06 36 64 
T1S1P0A30B80QHD350 30 80 0.035 350 4.38 35 65 
T1S1P0A30B100QHD25 30 100 0.035 25 0.25 100 0 
T1S1P0A30B100QHD50 30 100 0.035 50 0.50 97 3 
T1S1P0A30B100QHD75 30 100 0.035 75 0.75 96 4 
T1S1P0A30B100QHD100 30 100 0.035 100 1.00 94 6 
T1S1P0A30B100QHD150 30 100 0.035 150 1.50 66 34 
T1S1P0A30B100QHD200 30 100 0.035 200 2.00 48 52 
T1S1P0A30B100QHD275 30 100 0.035 275 2.75 40 60 
T1S1P0A30B100QHD300 30 100 0.035 300 3.00 47 53 
T1S1P0A30B100QHD325 30 100 0.035 325 3.25 44 56 
T1S1P0A30B100QHD350 30 100 0.035 350 3.50 43 57 
T1S1P0A30B150QHD25 30 150 0.035 25 0.17 100 0 
T1S1P0A30B150QHD50 30 150 0.035 50 0.33 98 2 
T1S1P0A30B150QHD75 30 150 0.035 75 0.50 97 3 
T1S1P0A30B150QHD100 30 150 0.035 100 0.67 95 5 
T1S1P0A30B150QHD150 30 150 0.035 150 1.00 95 5 
T1S1P0A30B150QHD200 30 150 0.035 200 1.33 80 20 
T1S1P0A30B150QHD275 30 150 0.035 275 1.83 70 30 
T1S1P0A30B150QHD300 30 150 0.035 300 2.00 69 31 
























T1S1P0A30B150QHD350 30 150 0.035 350 2.33 54 46 
T1S1P0A45B30QHD25 45 30 0.035 25 0.83 94 6 
T1S1P0A45B30QHD50 45 30 0.035 50 1.67 50 50 
T1S1P0A45B30QHD75 45 30 0.035 75 2.50 34 66 
T1S1P0A45B30QHD100 45 30 0.035 100 3.33 41 59 
T1S1P0A45B30QHD150 45 30 0.035 150 5.00 29 71 
T1S1P0A45B30QHD200 45 30 0.035 200 6.67 22 78 
T1S1P0A45B30QHD275 45 30 0.035 275 9.17 29 71 
T1S1P0A45B30QHD300 45 30 0.035 300 10.00 22 78 
T1S1P0A45B30QHD325 45 30 0.035 325 10.83 25 75 
T1S1P0A45B30QHD350 45 30 0.035 350 11.67 28 72 
T1S1P0A45B40QHD25 45 40 0.035 25 0.63 96 4 
T1S1P0A45B40QHD50 45 40 0.035 50 1.25 77 23 
T1S1P0A45B40QHD75 45 40 0.035 75 1.88 45 55 
T1S1P0A45B40QHD100 45 40 0.035 100 2.50 40 60 
T1S1P0A45B40QHD150 45 40 0.035 150 3.75 32 68 
T1S1P0A45B40QHD200 45 40 0.035 200 5.00 30 70 
T1S1P0A45B40QHD275 45 40 0.035 275 6.88 33 67 
T1S1P0A45B40QHD300 45 40 0.035 300 7.50 29 71 
T1S1P0A45B40QHD325 45 40 0.035 325 8.13 30 70 
T1S1P0A45B40QHD350 45 40 0.035 350 8.75 33 67 
T1S1P0A45B50QHD25 45 50 0.035 25 0.50 96 4 
T1S1P0A45B50QHD50 45 50 0.035 50 1.00 89 11 
T1S1P0A45B50QHD75 45 50 0.035 75 1.50 62 38 
T1S1P0A45B50QHD100 45 50 0.035 100 2.00 50 50 
T1S1P0A45B50QHD150 45 50 0.035 150 3.00 37 63 
T1S1P0A45B50QHD200 45 50 0.035 200 4.00 32 68 
T1S1P0A45B50QHD275 45 50 0.035 275 5.50 35 65 
T1S1P0A45B50QHD300 45 50 0.035 300 6.00 32 68 
T1S1P0A45B50QHD325 45 50 0.035 325 6.50 34 66 
T1S1P0A45B50QHD350 45 50 0.035 350 7.00 38 62 
T1S1P0A45B60QHD25 45 60 0.035 25 0.42 100 0 
T1S1P0A45B60QHD50 45 60 0.035 50 0.83 93 7 
T1S1P0A45B60QHD75 45 60 0.035 75 1.25 81 19 
T1S1P0A45B60QHD100 45 60 0.035 100 1.67 49 51 
























T1S1P0A45B60QHD200 45 60 0.035 200 3.33 36 64 
T1S1P0A45B60QHD275 45 60 0.035 275 4.58 37 63 
T1S1P0A45B60QHD300 45 60 0.035 300 5.00 36 64 
T1S1P0A45B60QHD325 45 60 0.035 325 5.42 32 68 
T1S1P0A45B60QHD350 45 60 0.035 350 5.83 45 55 
T1S1P0A45B80QHD25 45 80 0.035 25 0.31 94 6 
T1S1P0A45B80QHD50 45 80 0.035 50 0.63 90 10 
T1S1P0A45B80QHD75 45 80 0.035 75 0.94 93 7 
T1S1P0A45B80QHD100 45 80 0.035 100 1.25 70 30 
T1S1P0A45B80QHD150 45 80 0.035 150 1.88 60 40 
T1S1P0A45B80QHD200 45 80 0.035 200 2.50 46 54 
T1S1P0A45B80QHD275 45 80 0.035 275 3.44 48 52 
T1S1P0A45B80QHD300 45 80 0.035 300 3.75 43 57 
T1S1P0A45B80QHD325 45 80 0.035 325 4.06 55 45 
T1S1P0A45B80QHD350 45 80 0.035 350 4.38 54 46 
T1S1P0A45B100QHD25 45 100 0.035 25 0.25 97 3 
T1S1P0A45B100QHD50 45 100 0.035 50 0.50 96 4 
T1S1P0A45B100QHD75 45 100 0.035 75 0.75 93 7 
T1S1P0A45B100QHD100 45 100 0.035 100 1.00 90 10 
T1S1P0A45B100QHD150 45 100 0.035 150 1.50 54 46 
T1S1P0A45B100QHD200 45 100 0.035 200 2.00 52 48 
T1S1P0A45B100QHD275 45 100 0.035 275 2.75 51 49 
T1S1P0A45B100QHD300 45 100 0.035 300 3.00 47 53 
T1S1P0A45B100QHD325 45 100 0.035 325 3.25 44 54 
T1S1P0A45B100QHD350 45 100 0.035 350 3.50 47 53 
T1S1P0A45B150QHD25 45 150 0.035 25 0.17 100 0 
T1S1P0A45B150QHD50 45 150 0.035 50 0.33 97 3 
T1S1P0A45B150QHD75 45 150 0.035 75 0.50 96 4 
T1S1P0A45B150QHD100 45 150 0.035 100 0.67 94 6 
T1S1P0A45B150QHD150 45 150 0.035 150 1.00 93 7 
T1S1P0A45B150QHD200 45 150 0.035 200 1.33 73 27 
T1S1P0A45B150QHD275 45 150 0.035 275 1.83 56 44 
T1S1P0A45B150QHD300 45 150 0.035 300 2.00 63 37 
T1S1P0A45B150QHD325 45 150 0.035 325 2.17 56 44 
T1S1P0A45B150QHD350 45 150 0.035 350 2.33 62 38 
























T1S1P0A60B30QHD50 60 30 0.035 50 1.67 61 39 
T1S1P0A60B30QHD75 60 30 0.035 75 2.5 54 46 
T1S1P0A60B30QHD100 60 30 0.035 100 3.33 42 58 
T1S1P0A60B30QHD150 60 30 0.035 150 5 25 75 
T1S1P0A60B30QHD200 60 30 0.035 200 6.67 24 76 
T1S1P0A60B30QHD275 60 30 0.035 275 9.17 35 65 
T1S1P0A60B30QHD300 60 30 0.035 300 10.00 23 77 
T1S1P0A60B30QHD325 60 30 0.035 325 10.83 31 69 
T1S1P0A60B30QHD350 60 30 0.035 350 11.67 40 60 
T1S1P0A60B40QHD25 60 40 0.035 25 0.63 98 2 
T1S1P0A60B40QHD50 60 40 0.035 50 1.25 87 13 
T1S1P0A60B40QHD75 60 40 0.035 75 1.88 57 43 
T1S1P0A60B40QHD100 60 40 0.035 100 2.5 42 58 
T1S1P0A60B40QHD150 60 40 0.035 150 3.75 42 58 
T1S1P0A60B40QHD200 60 40 0.035 200 5 40 60 
T1S1P0A60B40QHD275 60 40 0.035 275 6.88 39 61 
T1S1P0A60B40QHD300 60 40 0.035 300 7.50 27 73 
T1S1P0A60B40QHD325 60 40 0.035 325 8.13 31 69 
T1S1P0A60B40QHD350 60 40 0.035 350 8.75 35 65 
T1S1P0A60B50QHD25 60 50 0.035 25 0.5 100 0 
T1S1P0A60B50QHD50 60 50 0.035 50 1 95 5 
T1S1P0A60B50QHD75 60 50 0.035 75 1.5 73 27 
T1S1P0A60B50QHD100 60 50 0.035 100 2 64 36 
T1S1P0A60B50QHD150 60 50 0.035 150 3 49 51 
T1S1P0A60B50QHD200 60 50 0.035 200 4 45 55 
T1S1P0A60B50QHD275 60 50 0.035 275 5.5 44 56 
T1S1P0A60B50QHD300 60 50 0.035 300 6.00 34 66 
T1S1P0A60B50QHD325 60 50 0.035 325 6.50 33 67 
T1S1P0A60B50QHD350 60 50 0.035 350 7 48 52 
T1S1P0A60B60QHD25 60 60 0.035 25 0.42 100 0 
T1S1P0A60B60QHD50 60 60 0.035 50 0.83 98 2 
T1S1P0A60B60QHD75 60 60 0.035 75 1.25 86 14 
T1S1P0A60B60QHD100 60 60 0.035 100 1.67 65 35 
T1S1P0A60B60QHD150 60 60 0.035 150 2.5 55 45 
T1S1P0A60B60QHD200 60 60 0.035 200 3.33 50 50 
























T1S1P0A60B60QHD300 60 60 0.035 300 5.00 39 61 
T1S1P0A60B60QHD325 60 60 0.035 325 5.42 30 70 
T1S1P0A60B60QHD350 60 60 0.035 350 5.83 37 63 
T1S1P0A60B80QHD25 60 80 0.035 25 0.31 98 2 
T1S1P0A60B80QHD50 60 80 0.035 50 0.63 100 0 
T1S1P0A60B80QHD75 60 80 0.035 75 0.94 97 3 
T1S1P0A60B80QHD100 60 80 0.035 100 1.25 90 10 
T1S1P0A60B80QHD150 60 80 0.035 150 1.88 69 31 
T1S1P0A60B80QHD200 60 80 0.035 200 2.5 64 36 
T1S1P0A60B80QHD275 60 80 0.035 275 3.44 64 36 
T1S1P0A60B80QHD300 60 80 0.035 300 3.75 44 56 
T1S1P0A60B80QHD325 60 80 0.035 325 4.06 45 55 
T1S1P0A60B80QHD350 60 80 0.035 350 4.38 60 40 
T1S1P0A60B100QHD25 60 100 0.035 25 0.25 97 3 
T1S1P0A60B100QHD50 60 100 0.035 50 0.5 97 3 
T1S1P0A60B100QHD75 60 100 0.035 75 0.75 98 2 
T1S1P0A60B100QHD100 60 100 0.035 100 1 97 3 
T1S1P0A60B100QHD150 60 100 0.035 150 1.5 83 17 
T1S1P0A60B100QHD200 60 100 0.035 200 2 71 29 
T1S1P0A60B100QHD275 60 100 0.035 275 2.75 61 39 
T1S1P0A60B100QHD300 60 100 0.035 300 3.00 60 40 
T1S1P0A60B100QHD325 60 100 0.035 325 3.25 50 50 
T1S1P0A60B100QHD350 60 100 0.035 350 3.5 64 36 
T1S1P0A60B150QHD25 60 150 0.035 25 0.17 100 0 
T1S1P0A60B150QHD50 60 150 0.035 50 0.33 98 2 
T1S1P0A60B150QHD75 60 150 0.035 75 0.5 100 0 
T1S1P0A60B150QHD100 60 150 0.035 100 0.67 100 0 
T1S1P0A60B150QHD150 60 150 0.035 150 1 96 4 
T1S1P0A60B150QHD200 60 150 0.035 200 1.33 89 11 
T1S1P0A60B150QHD275 60 150 0.035 275 1.83 71 29 
T1S1P0A60B150QHD300 60 150 0.035 300 2.00 64 36 
T1S1P0A60B150QHD325 60 150 0.035 325 2.17 61 39 
T1S1P0A60B150QHD350 60 150 0.035 350 2.33 76 24 
T1S1P0A30B30QLD25 30 30  0.005 25 0.83 91 9 
T1S1P0A30B30QLD50 30 30  0.005 50 1.67 42 58 
























T1S1P0A30B30QLD100 30 30  0.005 100 3.33 30 70 
T1S1P0A30B30QLD150 30 30  0.005 150 5.00 26 74 
T1S1P0A30B30QLD200 30 30  0.005 200 6.67 18 82 
T1S1P0A30B30QLD275 30 30  0.005 275 9.17 12 88 
T1S1P0A30B30QLD300 30 30  0.005 300 10.00 16 84 
T1S1P0A30B30QLD325 30 30  0.005 325 10.83 12 88 
T1S1P0A30B30QLD350 30 30  0.005 350 11.67 11 89 
T1S1P0A30B40QLD25 30 40  0.005 25 0.63 86 14 
T1S1P0A30B40QLD50 30 40  0.005 50 1.25 78 22 
T1S1P0A30B40QLD75 30 40  0.005 75 1.88 59 41 
T1S1P0A30B40QLD100 30 40  0.005 100 2.50 43 57 
T1S1P0A30B40QLD150 30 40  0.005 150 3.75 24 76 
T1S1P0A30B40QLD200 30 40  0.005 200 5.00 29 71 
T1S1P0A30B40QLD275 30 40  0.005 275 6.88 28 72 
T1S1P0A30B40QLD300 30 40  0.005 300 7.50 29 71 
T1S1P0A30B40QLD325 30 40  0.005 325 8.13 24 76 
T1S1P0A30B40QLD350 30 40  0.005 350 8.75 25 75 
T1S1P0A30B50QLD25 30 50  0.005 25 0.50 97 3 
T1S1P0A30B50QLD50 30 50  0.005 50 1.00 96 4 
T1S1P0A30B50QLD75 30 50  0.005 75 1.50 66 34 
T1S1P0A30B50QLD100 30 50  0.005 100 2.00 46 54 
T1S1P0A30B50QLD150 30 50  0.005 150 3.00 33 67 
T1S1P0A30B50QLD200 30 50  0.005 200 4.00 26 74 
T1S1P0A30B50QLD275 30 50  0.005 275 5.50 23 77 
T1S1P0A30B50QLD300 30 50  0.005 300 6.00 24 76 
T1S1P0A30B50QLD325 30 50  0.005 325 6.50 27 73 
T1S1P0A30B50QLD350 30 50  0.005 350 7.00 36 64 
T1S1P0A30B60QLD25 30 60  0.005 25 0.42 91 9 
T1S1P0A30B60QLD50 30 60  0.005 50 0.83 95 5 
T1S1P0A30B60QLD75 30 60  0.005 75 1.25 62 38 
T1S1P0A30B60QLD100 30 60  0.005 100 1.67 48 52 
T1S1P0A30B60QLD150 30 60  0.005 150 2.50 35 65 
T1S1P0A30B60QLD200 30 60  0.005 200 3.33 31 69 
T1S1P0A30B60QLD275 30 60  0.005 275 4.58 31 69 
T1S1P0A30B60QLD300 30 60  0.005 300 5.00 33 67 
























T1S1P0A30B60QLD350 30 60  0.005 350 5.83 32 68 
T1S1P0A30B80QLD25 30 80  0.005 25 0.31 96 4 
T1S1P0A30B80QLD50 30 80  0.005 50 0.63 93 7 
T1S1P0A30B80QLD75 30 80  0.005 75 0.94 83 17 
T1S1P0A30B80QLD100 30 80  0.005 100 1.25 71 29 
T1S1P0A30B80QLD150 30 80  0.005 150 1.88 48 52 
T1S1P0A30B80QLD200 30 80  0.005 200 2.50 48 52 
T1S1P0A30B80QLD275 30 80  0.005 275 3.44 36 64 
T1S1P0A30B80QLD300 30 80  0.005 300 3.75 42 58 
T1S1P0A30B80QLD325 30 80  0.005 325 4.06 42 58 
T1S1P0A30B80QLD350 30 80  0.005 350 4.38 40 60 
T1S1P0A30B100QLD25 30 100  0.005 25 0.25 98 2 
T1S1P0A30B100QLD50 30 100  0.005 50 0.50 97 3 
T1S1P0A30B100QLD75 30 100  0.005 75 0.75 92 8 
T1S1P0A30B100QLD100 30 100  0.005 100 1.00 83 17 
T1S1P0A30B100QLD150 30 100  0.005 150 1.50 58 42 
T1S1P0A30B100QLD200 30 100  0.005 200 2.00 37 63 
T1S1P0A30B100QLD275 30 100  0.005 275 2.75 44 56 
T1S1P0A30B100QLD300 30 100  0.005 300 3.00 39 61 
T1S1P0A30B100QLD325 30 100  0.005 325 3.25 40 60 
T1S1P0A30B100QLD350 30 100  0.005 350 3.50 42 58 
T1S1P0A30B150QLD25 30 150  0.005 25 0.17 97 3 
T1S1P0A30B150QLD50 30 150  0.005 50 0.33 98 2 
T1S1P0A30B150QLD75 30 150  0.005 75 0.50 95 5 
T1S1P0A30B150QLD100 30 150  0.005 100 0.67 92 8 
T1S1P0A30B150QLD150 30 150  0.005 150 1.00 93 7 
T1S1P0A30B150QLD200 30 150  0.005 200 1.33 72 28 
T1S1P0A30B150QLD275 30 150  0.005 275 1.83 51 49 
T1S1P0A30B150QLD300 30 150  0.005 300 2.00 60 40 
T1S1P0A30B150QLD325 30 150  0.005 325 2.17 55 45 
T1S1P0A30B150QLD350 30 150  0.005 350 2.33 52 48 
T1S1P0A45B30QLD25 45 30  0.005 25 0.83 87 13 
T1S1P0A45B30QLD50 45 30  0.005 50 1.67 42 58 
T1S1P0A45B30QLD75 45 30  0.005 75 2.50 32 68 
T1S1P0A45B30QLD100 45 30  0.005 100 3.33 30 70 
























T1S1P0A45B30QLD200 45 30  0.005 200 6.67 14 88 
T1S1P0A45B30QLD275 45 30  0.005 275 9.17 15 85 
T1S1P0A45B30QLD300 45 30  0.005 300 10.00 18 83 
T1S1P0A45B30QLD325 45 30  0.005 325 10.83 16 84 
T1S1P0A45B30QLD350 45 30  0.005 350 11.67 23 77 
T1S1P0A45B40QLD25 45 40  0.005 25 0.63 89 6 
T1S1P0A45B40QLD50 45 40  0.005 50 1.25 80 50 
T1S1P0A45B40QLD75 45 40  0.005 75 1.88 47 66 
T1S1P0A45B40QLD100 45 40  0.005 100 2.50 27 59 
T1S1P0A45B40QLD150 45 40  0.005 150 3.75 31 71 
T1S1P0A45B40QLD200 45 40  0.005 200 5.00 28 78 
T1S1P0A45B40QLD275 45 40  0.005 275 6.88 31 71 
T1S1P0A45B40QLD300 45 40  0.005 300 7.50 24 75 
T1S1P0A45B40QLD325 45 40  0.005 325 8.13 16 78 
T1S1P0A45B40QLD350 45 40  0.005 350 8.75 14 72 
T1S1P0A45B50QLD25 45 50  0.005 25 0.50 98 2 
T1S1P0A45B50QLD50 45 50  0.005 50 1.00 84 16 
T1S1P0A45B50QLD75 45 50  0.005 75 1.50 70 30 
T1S1P0A45B50QLD100 45 50  0.005 100 2.00 41 59 
T1S1P0A45B50QLD150 45 50  0.005 150 3.00 38 62 
T1S1P0A45B50QLD200 45 50  0.005 200 4.00 36 64 
T1S1P0A45B50QLD275 45 50  0.005 275 5.50 36 64 
T1S1P0A45B50QLD300 45 50  0.005 300 6.00 36 65 
T1S1P0A45B50QLD325 45 50  0.005 325 6.50 24 76 
T1S1P0A45B50QLD350 45 50  0.005 350 7.00 28 72 
T1S1P0A45B60QLD25 45 60  0.005 25 0.42 94 6 
T1S1P0A45B60QLD50 45 60  0.005 50 0.83 93 7 
T1S1P0A45B60QLD75 45 60  0.005 75 1.25 71 29 
T1S1P0A45B60QLD100 45 60  0.005 100 1.67 57 43 
T1S1P0A45B60QLD150 45 60  0.005 150 2.50 38 62 
T1S1P0A45B60QLD200 45 60  0.005 200 3.33 43 57 
T1S1P0A45B60QLD275 45 60  0.005 275 4.58 26 74 
T1S1P0A45B60QLD300 45 60  0.005 300 5.00 36 64 
T1S1P0A45B60QLD325 45 60  0.005 325 5.42 38 62 
T1S1P0A45B60QLD350 45 60  0.005 350 5.83 33 67 
























T1S1P0A45B80QLD50 45 80  0.005 50 0.63 95 5 
T1S1P0A45B80QLD75 45 80  0.005 75 0.94 89 11 
T1S1P0A45B80QLD100 45 80  0.005 100 1.25 68 32 
T1S1P0A45B80QLD150 45 80  0.005 150 1.88 50 50 
T1S1P0A45B80QLD200 45 80  0.005 200 2.50 47 53 
T1S1P0A45B80QLD275 45 80  0.005 275 3.44 28 72 
T1S1P0A45B80QLD300 45 80  0.005 300 3.75 29 71 
T1S1P0A45B80QLD325 45 80  0.005 325 4.06 28 72 
T1S1P0A45B80QLD350 45 80  0.005 350 4.38 31 69 
T1S1P0A45B100QLD25 45 100  0.005 25 0.25 94 6 
T1S1P0A45B100QLD50 45 100  0.005 50 0.50 98 2 
T1S1P0A45B100QLD75 45 100  0.005 75 0.75 92 8 
T1S1P0A45B100QLD100 45 100  0.005 100 1.00 91 9 
T1S1P0A45B100QLD150 45 100  0.005 150 1.50 55 45 
T1S1P0A45B100QLD200 45 100  0.005 200 2.00 53 47 
T1S1P0A45B100QLD275 45 100  0.005 275 2.75 51 49 
T1S1P0A45B100QLD300 45 100  0.005 300 3.00 45 55 
T1S1P0A45B100QLD325 45 100  0.005 325 3.25 34 66 
T1S1P0A45B100QLD350 45 100  0.005 350 3.50 32 68 
T1S1P0A45B150QLD25 45 150  0.005 25 0.17 98 2 
T1S1P0A45B150QLD50 45 150  0.005 50 0.33 95 5 
T1S1P0A45B150QLD75 45 150  0.005 75 0.50 96 4 
T1S1P0A45B150QLD100 45 150  0.005 100 0.67 99 1 
T1S1P0A45B150QLD150 45 150  0.005 150 1.00 95 5 
T1S1P0A45B150QLD200 45 150  0.005 200 1.33 66 34 
T1S1P0A45B150QLD275 45 150  0.005 275 1.83 56 44 
T1S1P0A45B150QLD300 45 150  0.005 300 2.00 55 45 
T1S1P0A45B150QLD325 45 150  0.005 325 2.17 52 48 
T1S1P0A45B150QLD350 45 150  0.005 350 2.33 62 38 
T1S1P0A60B30QLD25 60 30  0.005 25 0.83 90 10 
T1S1P0A60B30QLD50 60 30  0.005 50 1.67 57 43 
T1S1P0A60B30QLD75 60 30  0.005 75 2.50 36 64 
T1S1P0A60B30QLD100 60 30  0.005 100 3.33 26 74 
T1S1P0A60B30QLD150 60 30  0.005 150 5.00 26 74 
T1S1P0A60B30QLD200 60 30  0.005 200 6.67 26 74 
























T1S1P0A60B30QLD300 60 30  0.005 300 10.00 20 80 
T1S1P0A60B30QLD325 60 30  0.005 325 10.83 19 81 
T1S1P0A60B30QLD350 60 30  0.005 350 11.67 20 80 
T1S1P0A60B40QLD25 60 40  0.005 25 0.63 94 6 
T1S1P0A60B40QLD50 60 40  0.005 50 1.25 59 41 
T1S1P0A60B40QLD75 60 40  0.005 75 1.88 65 35 
T1S1P0A60B40QLD100 60 40  0.005 100 2.50 50 50 
T1S1P0A60B40QLD150 60 40  0.005 150 3.75 28 72 
T1S1P0A60B40QLD200 60 40  0.005 200 5.00 34 66 
T1S1P0A60B40QLD275 60 40  0.005 275 6.88 29 71 
T1S1P0A60B40QLD300 60 40  0.005 300 7.50 24 76 
T1S1P0A60B40QLD325 60 40  0.005 325 8.13 20 80 
T1S1P0A60B40QLD350 60 40  0.005 350 8.75 30 70 
T1S1P0A60B50QLD25 60 50  0.005 25 0.50 93 7 
T1S1P0A60B50QLD50 60 50  0.005 50 1.00 90 10 
T1S1P0A60B50QLD75 60 50  0.005 75 1.50 57 43 
T1S1P0A60B50QLD100 60 50  0.005 100 2.00 57 43 
T1S1P0A60B50QLD150 60 50  0.005 150 3.00 31 69 
T1S1P0A60B50QLD200 60 50  0.005 200 4.00 39 61 
T1S1P0A60B50QLD275 60 50  0.005 275 5.50 20 80 
T1S1P0A60B50QLD300 60 50  0.005 300 6.00 30 70 
T1S1P0A60B50QLD325 60 50  0.005 325 6.50 28 72 
T1S1P0A60B50QLD350 60 50  0.005 350 7.00 31 69 
T1S1P0A60B60QLD25 60 60  0.005 25 0.42 96 4 
T1S1P0A60B60QLD50 60 60  0.005 50 0.83 94 6 
T1S1P0A60B60QLD75 60 60  0.005 75 1.25 75 25 
T1S1P0A60B60QLD100 60 60  0.005 100 1.67 68 32 
T1S1P0A60B60QLD150 60 60  0.005 150 2.50 44 56 
T1S1P0A60B60QLD200 60 60  0.005 200 3.33 45 55 
T1S1P0A60B60QLD275 60 60  0.005 275 4.58 32 68 
T1S1P0A60B60QLD300 60 60  0.005 300 5.00 27 73 
T1S1P0A60B60QLD325 60 60  0.005 325 5.42 25 75 
T1S1P0A60B60QLD350 60 60  0.005 350 5.83 46 54 
T1S1P0A60B80QLD25 60 80  0.005 25 0.31 99 1 
T1S1P0A60B80QLD50 60 80  0.005 50 0.63 98 2 
























T1S1P0A60B80QLD100 60 80  0.005 100 1.25 82 18 
T1S1P0A60B80QLD150 60 80  0.005 150 1.88 56 44 
T1S1P0A60B80QLD200 60 80  0.005 200 2.50 52 48 
T1S1P0A60B80QLD275 60 80  0.005 275 3.44 38 62 
T1S1P0A60B80QLD300 60 80  0.005 300 3.75 39 61 
T1S1P0A60B80QLD325 60 80  0.005 325 4.06 35 65 
T1S1P0A60B80QLD350 60 80  0.005 350 4.38 40 61 
T1S1P0A60B100QLD25 60 100  0.005 25 0.25 98 2 
T1S1P0A60B100QLD50 60 100  0.005 50 0.50 100 0 
T1S1P0A60B100QLD75 60 100  0.005 75 0.75 97 3 
T1S1P0A60B100QLD100 60 100  0.005 100 1.00 95 5 
T1S1P0A60B100QLD150 60 100  0.005 150 1.50 75 25 
T1S1P0A60B100QLD200 60 100  0.005 200 2.00 60 40 
T1S1P0A60B100QLD275 60 100  0.005 275 2.75 55 45 
T1S1P0A60B100QLD300 60 100  0.005 300 3.00 42 58 
T1S1P0A60B100QLD325 60 100  0.005 325 3.25 38 62 
T1S1P0A60B100QLD350 60 100  0.005 350 3.50 41 59 
T1S1P0A60B150QLD25 60 150  0.005 25 0.17 100 0 
T1S1P0A60B150QLD50 60 150  0.005 50 0.33 100 0 
T1S1P0A60B150QLD75 60 150  0.005 75 0.50 100 0 
T1S1P0A60B150QLD100 60 150  0.005 100 0.67 98 2 
T1S1P0A60B150QLD150 60 150  0.005 150 1.00 93 7 
T1S1P0A60B150QLD200 60 150  0.005 200 1.33 66 34 
T1S1P0A60B150QLD275 60 150  0.005 275 1.83 64 36 
T1S1P0A60B150QLD300 60 150  0.005 300 2.00 58 42 
T1S1P0A60B150QLD325 60 150  0.005 325 2.17 56 44 
T1S1P0A60B150QLD350 60 150  0.005 350 2.33 68 32 
T1S2P4A30B30QMD25 30 30 0.021 25 0.83 91 9 
T1S1P0A30B30QMD50 30 30 0.021 50 1.67 43 57 
T1S1P0A30B30QMD75 30 30 0.021 75 2.50 27 73 
T1S1P0A30B30QMD100 30 30 0.021 100 3.33 28 72 
T1S1P0A30B30QMD150 30 30 0.021 150 5.00 27 73 
T1S1P0A30B30QMD200 30 30 0.021 200 6.67 22 78 
T1S1P0A30B30QMD275 30 30 0.021 275 9.17 23 77 
T1S1P0A30B30QMD300 30 30 0.021 300 10.00 22 78 
























T1S1P0A30B30QMD350 30 30 0.021 350 11.67 20 80 
T1S1P0A30B40QMD25 30 40 0.021 25 0.63 94 6 
T1S1P0A30B40QMD50 30 40 0.021 50 1.25 75 25 
T1S1P0A30B40QMD75 30 40 0.021 75 1.88 40 60 
T1S1P0A30B40QMD100 30 40 0.021 100 2.50 24 76 
T1S1P0A30B40QMD150 30 40 0.021 150 3.75 28 72 
T1S1P0A30B40QMD200 30 40 0.021 200 5.00 27 73 
T1S1P0A30B40QMD275 30 40 0.021 275 6.88 33 67 
T1S1P0A30B40QMD300 30 40 0.021 300 7.50 30 70 
T1S1P0A30B40QMD325 30 40 0.021 325 8.13 26 74 
T1S1P0A30B40QMD350 30 40 0.021 350 8.75 21 79 
T1S1P0A30B50QMD25 30 50 0.021 25 0.50 96 4 
T1S1P0A30B50QMD50 30 50 0.021 50 1.00 90 10 
T1S1P0A30B50QMD75 30 50 0.021 75 1.50 59 41 
T1S1P0A30B50QMD100 30 50 0.021 100 2.00 49 51 
T1S1P0A30B50QMD150 30 50 0.021 150 3.00 40 60 
T1S1P0A30B50QMD200 30 50 0.021 200 4.00 39 61 
T1S1P0A30B50QMD275 30 50 0.021 275 5.50 30 70 
T1S1P0A30B50QMD300 30 50 0.021 300 6.00 34 66 
T1S1P0A30B50QMD325 30 50 0.021 325 6.50 35 65 
T1S1P0A30B50QMD350 30 50 0.021 350 7.00 31 69 
T1S1P0A30B60QMD25 30 60 0.021 25 0.42 90 10 
T1S1P0A30B60QMD50 30 60 0.021 50 0.83 93 7 
T1S1P0A30B60QMD75 30 60 0.021 75 1.25 75 25 
T1S1P0A30B60QMD100 30 60 0.021 100 1.67 41 59 
T1S1P0A30B60QMD150 30 60 0.021 150 2.50 47 53 
T1S1P0A30B60QMD200 30 60 0.021 200 3.33 30 70 
T1S1P0A30B60QMD275 30 60 0.021 275 4.58 30 70 
T1S1P0A30B60QMD300 30 60 0.021 300 5.00 33 67 
T1S1P0A30B60QMD325 30 60 0.021 325 5.42 31 69 
T1S1P0A30B60QMD350 30 60 0.021 350 5.83 30 70 
T1S1P0A30B80QMD25 30 80 0.021 25 0.31 99 1 
T1S1P0A30B80QMD50 30 80 0.021 50 0.63 92 8 
T1S1P0A30B80QMD75 30 80 0.021 75 0.94 94 6 
T1S1P0A30B80QMD100 30 80 0.021 100 1.25 78 22 
























T1S1P0A30B80QMD200 30 80 0.021 200 2.50 38 62 
T1S1P0A30B80QMD275 30 80 0.021 275 3.44 37 63 
T1S1P0A30B80QMD300 30 80 0.021 300 3.75 34 66 
T1S1P0A30B80QMD325 30 80 0.021 325 4.06 30 70 
T1S1P0A30B80QMD350 30 80 0.021 350 4.38 28 72 
T1S1P0A30B100QMD25 30 100 0.021 25 0.25 100 0 
T1S1P0A30B100QMD50 30 100 0.021 50 0.50 96 4 
T1S1P0A30B100QMD75 30 100 0.021 75 0.75 91 9 
T1S1P0A30B100QMD100 30 100 0.021 100 1.00 92 8 
T1S1P0A30B100QMD150 30 100 0.021 150 1.50 64 36 
T1S1P0A30B100QMD200 30 100 0.021 200 2.00 46 54 
T1S1P0A30B100QMD275 30 100 0.021 275 2.75 45 55 
T1S1P0A30B100QMD300 30 100 0.021 300 3.00 40 60 
T1S1P0A30B100QMD325 30 100 0.021 325 3.25 38 62 
T1S1P0A30B100QMD350 30 100 0.021 350 3.50 35 65 
T1S1P0A30B150QMD25 30 150 0.021 25 0.17 99 1 
T1S1P0A30B150QMD50 30 150 0.021 50 0.33 90 10 
T1S1P0A30B150QMD75 30 150 0.021 75 0.50 97 3 
T1S1P0A30B150QMD100 30 150 0.021 100 0.67 92 8 
T1S1P0A30B150QMD150 30 150 0.021 150 1.00 91 9 
T1S1P0A30B150QMD200 30 150 0.021 200 1.33 73 27 
T1S1P0A30B150QMD275 30 150 0.021 275 1.83 47 53 
T1S1P0A30B150QMD300 30 150 0.021 300 2.00 50 50 
T1S1P0A30B150QMD325 30 150 0.021 325 2.17 49 51 
T1S1P0A30B150QMD350 30 150 0.021 350 2.33 66 34 
T1S1P0A45B30QMD25 45 30 0.021 25 0.83 95 5 
T1S1P0A45B30QMD50 45 30 0.021 50 1.67 46 54 
T1S1P0A45B30QMD75 45 30 0.021 75 2.50 33 67 
T1S1P0A45B30QMD100 45 30 0.021 100 3.33 31 69 
T1S1P0A45B30QMD150 45 30 0.021 150 5.00 31 69 
T1S1P0A45B30QMD200 45 30 0.021 200 6.67 27 73 
T1S1P0A45B30QMD275 45 30 0.021 275 9.17 29 71 
T1S1P0A45B30QMD300 45 30 0.021 300 10.00 16 84 
T1S1P0A45B30QMD325 45 30 0.021 325 10.83 18 82 
T1S1P0A45B30QMD350 45 30 0.021 350 11.67 18 82 
























T1S1P0A45B40QMD50 45 40 0.021 50 1.25 76 24 
T1S1P0A45B40QMD75 45 40 0.021 75 1.88 41 59 
T1S1P0A45B40QMD100 45 40 0.021 100 2.50 33 67 
T1S1P0A45B40QMD150 45 40 0.021 150 3.75 30 70 
T1S1P0A45B40QMD200 45 40 0.021 200 5.00 26 74 
T1S1P0A45B40QMD275 45 40 0.021 275 6.88 32 68 
T1S1P0A45B40QMD300 45 40 0.021 300 7.50 24 76 
T1S1P0A45B40QMD325 45 40 0.021 325 8.13 16 84 
T1S1P0A45B40QMD350 45 40 0.021 350 8.75 28 72 
T1S1P0A45B50QMD25 45 50 0.021 25 0.50 96 4 
T1S1P0A45B50QMD50 45 50 0.021 50 1.00 95 5 
T1S1P0A45B50QMD75 45 50 0.021 75 1.50 60 40 
T1S1P0A45B50QMD100 45 50 0.021 100 2.00 51 49 
T1S1P0A45B50QMD150 45 50 0.021 150 3.00 46 54 
T1S1P0A45B50QMD200 45 50 0.021 200 4.00 42 58 
T1S1P0A45B50QMD275 45 50 0.021 275 5.50 39 61 
T1S1P0A45B50QMD300 45 50 0.021 300 6.00 36 64 
T1S1P0A45B50QMD325 45 50 0.021 325 6.50 34 66 
T1S1P0A45B50QMD350 45 50 0.021 350 7.00 38 62 
T1S1P0A45B60QMD25 45 60 0.021 25 0.42 98 2 
T1S1P0A45B60QMD50 45 60 0.021 50 0.83 91 9 
T1S1P0A45B60QMD75 45 60 0.021 75 1.25 76 24 
T1S1P0A45B60QMD100 45 60 0.021 100 1.67 56 44 
T1S1P0A45B60QMD150 45 60 0.021 150 2.50 45 55 
T1S1P0A45B60QMD200 45 60 0.021 200 3.33 37 63 
T1S1P0A45B60QMD275 45 60 0.021 275 4.58 29 71 
T1S1P0A45B60QMD300 45 60 0.021 300 5.00 44 56 
T1S1P0A45B60QMD325 45 60 0.021 325 5.42 22 78 
T1S1P0A45B60QMD350 45 60 0.021 350 5.83 36 64 
T1S1P0A45B80QMD25 45 80 0.021 25 0.31 99 1 
T1S1P0A45B80QMD50 45 80 0.021 50 0.63 90 10 
T1S1P0A45B80QMD75 45 80 0.021 75 0.94 96 4 
T1S1P0A45B80QMD100 45 80 0.021 100 1.25 60 40 
T1S1P0A45B80QMD150 45 80 0.021 150 1.88 53 47 
T1S1P0A45B80QMD200 45 80 0.021 200 2.50 44 56 
























T1S1P0A45B80QMD300 45 80 0.021 300 3.75 36 64 
T1S1P0A45B80QMD325 45 80 0.021 325 4.06 38 62 
T1S1P0A45B80QMD350 45 80 0.021 350 4.38 38 62 
T1S1P0A45B100QMD25 45 100 0.021 25 0.25 96 4 
T1S1P0A45B100QMD50 45 100 0.021 50 0.50 97 3 
T1S1P0A45B100QMD75 45 100 0.021 75 0.75 91 9 
T1S1P0A45B100QMD100 45 100 0.021 100 1.00 93 7 
T1S1P0A45B100QMD150 45 100 0.021 150 1.50 61 39 
T1S1P0A45B100QMD200 45 100 0.021 200 2.00 57 43 
T1S1P0A45B100QMD275 45 100 0.021 275 2.75 55 45 
T1S1P0A45B100QMD300 45 100 0.021 300 3.00 44 56 
T1S1P0A45B100QMD325 45 100 0.021 325 3.25 45 55 
T1S1P0A45B100QMD350 45 100 0.021 350 3.50 40 60 
T1S1P0A45B150QMD25 45 150 0.021 25 0.17 100 0 
T1S1P0A45B150QMD50 45 150 0.021 50 0.33 99 1 
T1S1P0A45B150QMD75 45 150 0.021 75 0.50 97 3 
T1S1P0A45B150QMD100 45 150 0.021 100 0.67 95 5 
T1S1P0A45B150QMD150 45 150 0.021 150 1.00 98 2 
T1S1P0A45B150QMD200 45 150 0.021 200 1.33 80 20 
T1S1P0A45B150QMD275 45 150 0.021 275 1.83 60 40 
T1S1P0A45B150QMD300 45 150 0.021 300 2.00 58 42 
T1S1P0A45B150QMD325 45 150 0.021 325 2.17 60 40 
T1S1P0A45B150QMD350 45 150 0.021 350 2.33 54 46 
T1S1P0A60B30QMD25 60 30 0.021 25 0.83 96 4 
T1S1P0A60B30QMD50 60 30 0.021 50 1.67 61 39 
T1S1P0A60B30QMD75 60 30 0.021 75 2.50 33 67 
T1S1P0A60B30QMD100 60 30 0.021 100 3.33 30 70 
T1S1P0A60B30QMD150 60 30 0.021 150 5.00 34 66 
T1S1P0A60B30QMD200 60 30 0.021 200 6.67 34 66 
T1S1P0A60B30QMD275 60 30 0.021 275 9.17 26 74 
T1S1P0A60B30QMD300 60 30 0.021 300 10.00 26 74 
T1S1P0A60B30QMD325 60 30 0.021 325 10.83 28 72 
T1S1P0A60B30QMD350 60 30 0.021 350 11.67 27 73 
T1S1P0A60B40QMD25 60 40 0.021 25 0.63 98 2 
T1S1P0A60B40QMD50 60 40 0.021 50 1.25 88 12 
























T1S1P0A60B40QMD100 60 40 0.021 100 2.50 47 53 
T1S1P0A60B40QMD150 60 40 0.021 150 3.75 43 57 
T1S1P0A60B40QMD200 60 40 0.021 200 5.00 39 61 
T1S1P0A60B40QMD275 60 40 0.021 275 6.88 39 61 
T1S1P0A60B40QMD300 60 40 0.021 300 7.50 30 70 
T1S1P0A60B40QMD325 60 40 0.021 325 8.13 29 71 
T1S1P0A60B40QMD350 60 40 0.021 350 8.75 31 69 
T1S1P0A60B50QMD25 60 50 0.021 25 0.50 98 2 
T1S1P0A60B50QMD50 60 50 0.021 50 1.00 96 4 
T1S1P0A60B50QMD75 60 50 0.021 75 1.50 68 32 
T1S1P0A60B50QMD100 60 50 0.021 100 2.00 50 50 
T1S1P0A60B50QMD150 60 50 0.021 150 3.00 45 55 
T1S1P0A60B50QMD200 60 50 0.021 200 4.00 45 55 
T1S1P0A60B50QMD275 60 50 0.021 275 5.50 47 53 
T1S1P0A60B50QMD300 60 50 0.021 300 6.00 35 65 
T1S1P0A60B50QMD325 60 50 0.021 325 6.50 32 68 
T1S1P0A60B50QMD350 60 50 0.021 350 7.00 43 57 
T1S1P0A60B60QMD25 60 60 0.021 25 0.42 100 0 
T1S1P0A60B60QMD50 60 60 0.021 50 0.83 98 2 
T1S1P0A60B60QMD75 60 60 0.021 75 1.25 93 7 
T1S1P0A60B60QMD100 60 60 0.021 100 1.67 67 33 
T1S1P0A60B60QMD150 60 60 0.021 150 2.50 46 54 
T1S1P0A60B60QMD200 60 60 0.021 200 3.33 55 45 
T1S1P0A60B60QMD275 60 60 0.021 275 4.58 43 57 
T1S1P0A60B60QMD300 60 60 0.021 300 5.00 45 55 
T1S1P0A60B60QMD325 60 60 0.021 325 5.42 35 65 
T1S1P0A60B60QMD350 60 60 0.021 350 5.83 46 54 
T1S1P0A60B80QMD25 60 80 0.021 25 0.31 96 4 
T1S1P0A60B80QMD50 60 80 0.021 50 0.63 99 1 
T1S1P0A60B80QMD75 60 80 0.021 75 0.94 98 2 
T1S1P0A60B80QMD100 60 80 0.021 100 1.25 82 18 
T1S1P0A60B80QMD150 60 80 0.021 150 1.88 65 35 
T1S1P0A60B80QMD200 60 80 0.021 200 2.50 64 36 
T1S1P0A60B80QMD275 60 80 0.021 275 3.44 54 46 
T1S1P0A60B80QMD300 60 80 0.021 300 3.75 49 51 
























T1S1P0A60B80QMD350 60 80 0.021 350 4.38 49 51 
T1S1P0A60B100QMD25 60 100 0.021 25 0.25 100 0 
T1S1P0A60B100QMD50 60 100 0.021 50 0.50 100 0 
T1S1P0A60B100QMD75 60 100 0.021 75 0.75 100 0 
T1S1P0A60B100QMD100 60 100 0.021 100 1.00 99 1 
T1S1P0A60B100QMD150 60 100 0.021 150 1.50 79 21 
T1S1P0A60B100QMD200 60 100 0.021 200 2.00 65 35 
T1S1P0A60B100QMD275 60 100 0.021 275 2.75 67 33 
T1S1P0A60B100QMD300 60 100 0.021 300 3.00 59 41 
T1S1P0A60B100QMD325 60 100 0.021 325 3.25 54 46 
T1S1P0A60B100QMD350 60 100 0.021 350 3.50 55 45 
T1S1P0A60B150QMD25 60 150 0.021 25 0.17 100 0 
T1S1P0A60B150QMD50 60 150 0.021 50 0.33 99 1 
T1S1P0A60B150QMD75 60 150 0.021 75 0.50 98 2 
T1S1P0A60B150QMD100 60 150 0.021 100 0.67 100 0 
T1S1P0A60B150QMD150 60 150 0.021 150 1.00 96 4 
T1S1P0A60B150QMD200 60 150 0.021 200 1.33 81 19 
T1S1P0A60B150QMD275 60 150 0.021 275 1.83 70 30 
T1S1P0A60B150QMD300 60 150 0.021 300 2.00 64 36 
T1S1P0A60B150QMD325 60 150 0.021 325 2.17 62 38 








Appendix C – Results from Test Phase 2 



























T2S2P0A30B30QHD25 30 30 0.035 2 25 0.83 96 4 
T2S2P0A30B30QHD50 30 30 0.035 2 50 1.67 34 66 
T2S2P0A30B30QHD75 30 30 0.035 2 75 2.50 29 71 
T2S2P0A30B30QHD100 30 30 0.035 2 100 3.33 17 83 
T2S2P0A30B30QHD150 30 30 0.035 2 150 5.00 19 81 
T2S2P0A30B30QHD200 30 30 0.035 2 200 6.67 11 89 
T2S2P0A30B30QHD275 30 30 0.035 2 275 9.17 15 85 
T2S2P0A30B30QHD300 30 30 0.035 2 300 10.00 13 87 
T2S2P0A30B30QHD325 30 30 0.035 2 325 10.83 15 85 
T2S2P0A30B30QHD350 30 30 0.035 2 350 11.67 16 84 
T2S2P0A30B40QHD25 30 40 0.035 2 25 0.63 94 6 
T2S2P0A30B40QHD50 30 40 0.035 2 50 1.25 76 24 
T2S2P0A30B40QHD75 30 40 0.035 2 75 1.88 37 63 
T2S2P0A30B40QHD100 30 40 0.035 2 100 2.50 43 57 
T2S2P0A30B40QHD150 30 40 0.035 2 150 3.75 33 67 
T2S2P0A30B40QHD200 30 40 0.035 2 200 5.00 28 72 
T2S2P0A30B40QHD275 30 40 0.035 2 275 6.88 21 79 
T2S2P0A30B40QHD300 30 40 0.035 2 300 7.50 16 84 
T2S2P0A30B40QHD325 30 40 0.035 2 325 8.13 22 78 
T2S2P0A30B40QHD350 30 40 0.035 2 350 8.75 22 78 
T2S2P0A30B50QHD25 30 50 0.035 2 25 0.50 98 2 
T2S2P0A30B50QHD50 30 50 0.035 2 50 1.00 96 4 
T2S2P0A30B50QHD75 30 50 0.035 2 75 1.50 65 35 
T2S2P0A30B50QHD100 30 50 0.035 2 100 2.00 34 66 
T2S2P0A30B50QHD150 30 50 0.035 2 150 3.00 29 71 
T2S2P0A30B50QHD200 30 50 0.035 2 200 4.00 30 70 
T2S2P0A30B50QHD275 30 50 0.035 2 275 5.50 23 77 
T2S2P0A30B50QHD300 30 50 0.035 2 300 6.00 36 64 
T2S2P0A30B50QHD325 30 50 0.035 2 325 6.50 23 77 
T2S2P0A30B50QHD350 30 50 0.035 2 350 7.00 21 79 
T2S2P0A30B60QHD25 30 60 0.035 2 25 0.42 100 0 
T2S2P0A30B60QHD50 30 60 0.035 2 50 0.83 99 1 






























T2S2P0A30B60QHD100 30 60 0.035 2 100 1.67 51 49 
T2S2P0A30B60QHD150 30 60 0.035 2 150 2.50 45 55 
T2S2P0A30B60QHD200 30 60 0.035 2 200 3.33 39 61 
T2S2P0A30B60QHD275 30 60 0.035 2 275 4.58 38 62 
T2S2P0A30B60QHD300 30 60 0.035 2 300 5.00 29 71 
T2S2P0A30B60QHD325 30 60 0.035 2 325 5.42 28 72 
T2S2P0A30B60QHD350 30 60 0.035 2 350 5.83 21 79 
T2S2P0A30B80QHD25 30 80 0.035 2 25 0.31 100 0 
T2S2P0A30B80QHD50 30 80 0.035 2 50 0.63 97 3 
T2S2P0A30B80QHD75 30 80 0.035 2 75 0.94 100 0 
T2S2P0A30B80QHD100 30 80 0.035 2 100 1.25 73 27 
T2S2P0A30B80QHD150 30 80 0.035 2 150 1.88 58 42 
T2S2P0A30B80QHD200 30 80 0.035 2 200 2.50 40 60 
T2S2P0A30B80QHD275 30 80 0.035 2 275 3.44 35 65 
T2S2P0A30B80QHD300 30 80 0.035 2 300 3.75 46 54 
T2S2P0A30B80QHD325 30 80 0.035 2 325 4.06 41 59 
T2S2P0A30B80QHD350 30 80 0.035 2 350 4.38 24 76 
T2S2P0A30B100QHD25 30 100 0.035 2 25 0.25 100 0 
T2S2P0A30B100QHD50 30 100 0.035 2 50 0.50 95 5 
T2S2P0A30B100QHD75 30 100 0.035 2 75 0.75 97 3 
T2S2P0A30B100QHD100 30 100 0.035 2 100 1.00 88 12 
T2S2P0A30B100QHD150 30 100 0.035 2 150 1.50 55 45 
T2S2P0A30B100QHD200 30 100 0.035 2 200 2.00 48 52 
T2S2P0A30B100QHD275 30 100 0.035 2 275 2.75 45 55 
T2S2P0A30B100QHD300 30 100 0.035 2 300 3.00 45 55 
T2S2P0A30B100QHD325 30 100 0.035 2 325 3.25 46 54 
T2S2P0A30B100QHD350 30 100 0.035 2 350 3.50 49 51 
T2S2P0A30B150QHD25 30 150 0.035 2 25 0.17 100 0 
T2S2P0A30B150QHD50 30 150 0.035 2 50 0.33 98 2 
T2S2P0A30B150QHD75 30 150 0.035 2 75 0.50 96 4 
T2S2P0A30B150QHD100 30 150 0.035 2 100 0.67 96 4 
T2S2P0A30B150QHD150 30 150 0.035 2 150 1.00 95 5 
T2S2P0A30B150QHD200 30 150 0.035 2 200 1.33 73 27 
T2S2P0A30B150QHD275 30 150 0.035 2 275 1.83 55 45 
T2S2P0A30B150QHD300 30 150 0.035 2 300 2.00 48 52 






























T2S2P0A30B150QHD350 30 150 0.035 2 350 2.33 55 45 
T2S2P0A45B30QHD25 45 30 0.035 2 25 0.83 96 4 
T2S2P0A45B30QHD50 45 30 0.035 2 50 1.67 54 46 
T2S2P0A45B30QHD75 45 30 0.035 2 75 2.50 32 68 
T2S2P0A45B30QHD100 45 30 0.035 2 100 3.33 27 73 
T2S2P0A45B30QHD150 45 30 0.035 2 150 5.00 23 77 
T2S2P0A45B30QHD200 45 30 0.035 2 200 6.67 20 80 
T2S2P0A45B30QHD275 45 30 0.035 2 275 9.17 18 82 
T2S2P0A45B30QHD300 45 30 0.035 2 300 10.00 21 79 
T2S2P0A45B30QHD325 45 30 0.035 2 325 10.83 21 79 
T2S2P0A45B30QHD350 45 30 0.035 2 350 11.67 22 78 
T2S2P0A45B40QHD25 45 40 0.035 2 25 0.63 99 1 
T2S2P0A45B40QHD50 45 40 0.035 2 50 1.25 81 19 
T2S2P0A45B40QHD75 45 40 0.035 2 75 1.88 34 66 
T2S2P0A45B40QHD100 45 40 0.035 2 100 2.50 34 66 
T2S2P0A45B40QHD150 45 40 0.035 2 150 3.75 26 74 
T2S2P0A45B40QHD200 45 40 0.035 2 200 5.00 20 80 
T2S2P0A45B40QHD275 45 40 0.035 2 275 6.88 25 75 
T2S2P0A45B40QHD300 45 40 0.035 2 300 7.50 25 75 
T2S2P0A45B40QHD325 45 40 0.035 2 325 8.13 34 66 
T2S2P0A45B40QHD350 45 40 0.035 2 350 8.75 24 76 
T2S2P0A45B50QHD25 45 50 0.035 2 25 0.50 100 0 
T2S2P0A45B50QHD50 45 50 0.035 2 50 1.00 95 5 
T2S2P0A45B50QHD75 45 50 0.035 2 75 1.50 57 43 
T2S2P0A45B50QHD100 45 50 0.035 2 100 2.00 44 56 
T2S2P0A45B50QHD150 45 50 0.035 2 150 3.00 25 75 
T2S2P0A45B50QHD200 45 50 0.035 2 200 4.00 32 68 
T2S2P0A45B50QHD275 45 50 0.035 2 275 5.50 26 74 
T2S2P0A45B50QHD300 45 50 0.035 2 300 6.00 39 61 
T2S2P0A45B50QHD325 45 50 0.035 2 325 6.50 24 76 
T2S2P0A45B50QHD350 45 50 0.035 2 350 7.00 22 78 
T2S2P0A45B60QHD25 45 60 0.035 2 25 0.42 100 0 
T2S2P0A45B60QHD50 45 60 0.035 2 50 0.83 95 5 
T2S2P0A45B60QHD75 45 60 0.035 2 75 1.25 80 20 
T2S2P0A45B60QHD100 45 60 0.035 2 100 1.67 61 39 






























T2S2P0A45B60QHD200 45 60 0.035 2 200 3.33 33 67 
T2S2P0A45B60QHD275 45 60 0.035 2 275 4.58 39 61 
T2S2P0A45B60QHD300 45 60 0.035 2 300 5.00 30 70 
T2S2P0A45B60QHD325 45 60 0.035 2 325 5.42 35 65 
T2S2P0A45B60QHD350 45 60 0.035 2 350 5.83 28 72 
T2S2P0A45B80QHD25 45 80 0.035 2 25 0.31 100 0 
T2S2P0A45B80QHD50 45 80 0.035 2 50 0.63 99 1 
T2S2P0A45B80QHD75 45 80 0.035 2 75 0.94 97 3 
T2S2P0A45B80QHD100 45 80 0.035 2 100 1.25 86 14 
T2S2P0A45B80QHD150 45 80 0.035 2 150 1.88 57 43 
T2S2P0A45B80QHD200 45 80 0.035 2 200 2.50 50 50 
T2S2P0A45B80QHD275 45 80 0.035 2 275 3.44 43 57 
T2S2P0A45B80QHD300 45 80 0.035 2 300 3.75 46 54 
T2S2P0A45B80QHD325 45 80 0.035 2 325 4.06 46 54 
T2S2P0A45B80QHD350 45 80 0.035 2 350 4.38 37 63 
T2S2P0A45B100QHD25 45 100 0.035 2 25 0.25 100 0 
T2S2P0A45B100QHD50 45 100 0.035 2 50 0.50 100 0 
T2S2P0A45B100QHD75 45 100 0.035 2 75 0.75 97 3 
T2S2P0A45B100QHD100 45 100 0.035 2 100 1.00 91 9 
T2S2P0A45B100QHD150 45 100 0.035 2 150 1.50 78 22 
T2S2P0A45B100QHD200 45 100 0.035 2 200 2.00 50 50 
T2S2P0A45B100QHD275 45 100 0.035 2 275 2.75 54 46 
T2S2P0A45B100QHD300 45 100 0.035 2 300 3.00 47 53 
T2S2P0A45B100QHD325 45 100 0.035 2 325 3.25 45 55 
T2S2P0A45B100QHD350 45 100 0.035 2 350 3.50 29 71 
T2S2P0A45B150QHD25 45 150 0.035 2 25 0.17 100 0 
T2S2P0A45B150QHD50 45 150 0.035 2 50 0.33 99 1 
T2S2P0A45B150QHD75 45 150 0.035 2 75 0.50 97 3 
T2S2P0A45B150QHD100 45 150 0.035 2 100 0.67 99 1 
T2S2P0A45B150QHD150 45 150 0.035 2 150 1.00 94 6 
T2S2P0A45B150QHD200 45 150 0.035 2 200 1.33 81 19 
T2S2P0A45B150QHD275 45 150 0.035 2 275 1.83 60 40 
T2S2P0A45B150QHD300 45 150 0.035 2 300 2.00 50 50 
T2S2P0A45B150QHD325 45 150 0.035 2 325 2.17 46 54 
T2S2P0A45B150QHD350 45 150 0.035 2 350 2.33 49 51 






























T2S2P0A60B30QHD50 60 30 0.035 2 50 1.67 82 18 
T2S2P0A60B30QHD75 60 30 0.035 2 75 2.5 45 55 
T2S2P0A60B30QHD100 60 30 0.035 2 100 3.33 37 63 
T2S2P0A60B30QHD150 60 30 0.035 2 150 5.00 23 77 
T2S2P0A60B30QHD200 60 30 0.035 2 200 6.67 29 71 
T2S2P0A60B30QHD275 60 30 0.035 2 275 9.17 27 73 
T2S2P0A60B30QHD300 60 30 0.035 2 300 10.00 26 74 
T2S2P0A60B30QHD325 60 30 0.035 2 325 10.83 22 78 
T2S2P0A60B30QHD350 60 30 0.035 2 350 11.67 27 73 
T2S2P0A60B40QHD25 60 40 0.035 2 25 0.63 100 0 
T2S2P0A60B40QHD50 60 40 0.035 2 50 1.25 92 8 
T2S2P0A60B40QHD75 60 40 0.035 2 75 1.88 49 51 
T2S2P0A60B40QHD100 60 40 0.035 2 100 2.50 42 58 
T2S2P0A60B40QHD150 60 40 0.035 2 150 3.75 34 66 
T2S2P0A60B40QHD200 60 40 0.035 2 200 5.00 47 53 
T2S2P0A60B40QHD275 60 40 0.035 2 275 6.88 29 71 
T2S2P0A60B40QHD300 60 40 0.035 2 300 7.50 40 60 
T2S2P0A60B40QHD325 60 40 0.035 2 325 8.13 43 57 
T2S2P0A60B40QHD350 60 40 0.035 2 350 8.75 24 76 
T2S2P0A60B50QHD25 60 50 0.035 2 25 0.50 100 0 
T2S2P0A60B50QHD50 60 50 0.035 2 50 1.00 100 0 
T2S2P0A60B50QHD75 60 50 0.035 2 75 1.5 79 21 
T2S2P0A60B50QHD100 60 50 0.035 2 100 2.00 62 38 
T2S2P0A60B50QHD150 60 50 0.035 2 150 3.00 48 52 
T2S2P0A60B50QHD200 60 50 0.035 2 200 4.00 51 49 
T2S2P0A60B50QHD275 60 50 0.035 2 275 5.5 45 55 
T2S2P0A60B50QHD300 60 50 0.035 2 300 6.00 46 54 
T2S2P0A60B50QHD325 60 50 0.035 2 325 6.50 32 68 
T2S2P0A60B50QHD350 60 50 0.035 2 350 7.00 40 60 
T2S2P0A60B60QHD25 60 60 0.035 2 25 0.42 100 0 
T2S2P0A60B60QHD50 60 60 0.035 2 50 0.83 100 0 
T2S2P0A60B60QHD75 60 60 0.035 2 75 1.25 89 11 
T2S2P0A60B60QHD100 60 60 0.035 2 100 1.67 70 30 
T2S2P0A60B60QHD150 60 60 0.035 2 150 2.50 53 47 
T2S2P0A60B60QHD200 60 60 0.035 2 200 3.33 45 55 






























T2S2P0A60B60QHD300 60 60 0.035 2 300 5.00 41 59 
T2S2P0A60B60QHD325 60 60 0.035 2 325 5.42 49 51 
T2S2P0A60B60QHD350 60 60 0.035 2 350 5.83 42 58 
T2S2P0A60B80QHD25 60 80 0.035 2 25 0.31 100 0 
T2S2P0A60B80QHD50 60 80 0.035 2 50 0.63 97 3 
T2S2P0A60B80QHD75 60 80 0.035 2 75 0.94 100 0 
T2S2P0A60B80QHD100 60 80 0.035 2 100 1.25 85 15 
T2S2P0A60B80QHD150 60 80 0.035 2 150 1.88 74 26 
T2S2P0A60B80QHD200 60 80 0.035 2 200 2.50 54 46 
T2S2P0A60B80QHD275 60 80 0.035 2 275 3.44 59 41 
T2S2P0A60B80QHD300 60 80 0.035 2 300 3.75 54 46 
T2S2P0A60B80QHD325 60 80 0.035 2 325 4.06 47 53 
T2S2P0A60B80QHD350 60 80 0.035 2 350 4.38 55 45 
T2S2P0A60B100QHD25 60 100 0.035 2 25 0.25 100 0 
T2S2P0A60B100QHD50 60 100 0.035 2 50 0.50 100 0 
T2S2P0A60B100QHD75 60 100 0.035 2 75 0.75 100 0 
T2S2P0A60B100QHD100 60 100 0.035 2 100 1.00 99 1 
T2S2P0A60B100QHD150 60 100 0.035 2 150 1.5 76 24 
T2S2P0A60B100QHD200 60 100 0.035 2 200 2.00 64 36 
T2S2P0A60B100QHD275 60 100 0.035 2 275 2.75 60 40 
T2S2P0A60B100QHD300 60 100 0.035 2 300 3.00 62 38 
T2S2P0A60B100QHD325 60 100 0.035 2 325 3.25 48 52 
T2S2P0A60B100QHD350 60 100 0.035 2 350 3.50 49 51 
T2S2P0A60B150QHD25 60 150 0.035 2 25 0.17 100 0 
T2S2P0A60B150QHD50 60 150 0.035 2 50 0.33 100 0 
T2S2P0A60B150QHD75 60 150 0.035 2 75 0.50 100 0 
T2S2P0A60B150QHD100 60 150 0.035 2 100 0.67 100 0 
T2S2P0A60B150QHD150 60 150 0.035 2 150 1.00 100 0 
T2S2P0A60B150QHD200 60 150 0.035 2 200 1.33 83 17 
T2S2P0A60B150QHD275 60 150 0.035 2 275 1.83 60 40 
T2S2P0A60B150QHD300 60 150 0.035 2 300 2.00 56 44 
T2S2P0A60B150QHD325 60 150 0.035 2 325 2.17 62 38 
T2S2P0A60B150QHD350 60 150 0.035 2 350 2.33 59 41 
T2S3P0A30B30QHD25 30 30 0.035 3 25 0.83 98 2 
T2S3P0A30B30QHD50 30 30 0.035 3 50 1.67 54 46 






























T2S3P0A30B30QHD100 30 30 0.035 3 100 3.33 26 74 
T2S3P0A30B30QHD150 30 30 0.035 3 150 5.00 19 81 
T2S3P0A30B30QHD200 30 30 0.035 3 200 6.67 13 87 
T2S3P0A30B30QHD275 30 30 0.035 3 275 9.17 16 84 
T2S3P0A30B30QHD300 30 30 0.035 3 300 10.00 14 86 
T2S3P0A30B30QHD325 30 30 0.035 3 325 10.83 14 86 
T2S3P0A30B30QHD350 30 30 0.035 3 350 11.67 14 86 
T2S3P0A30B40QHD25 30 40 0.035 3 25 0.63 90 10 
T2S3P0A30B40QHD50 30 40 0.035 3 50 1.25 80 20 
T2S3P0A30B40QHD75 30 40 0.035 3 75 1.88 30 70 
T2S3P0A30B40QHD100 30 40 0.035 3 100 2.50 31 69 
T2S3P0A30B40QHD150 30 40 0.035 3 150 3.75 25 75 
T2S3P0A30B40QHD200 30 40 0.035 3 200 5.00 18 82 
T2S3P0A30B40QHD275 30 40 0.035 3 275 6.88 21 79 
T2S3P0A30B40QHD300 30 40 0.035 3 300 7.50 17 83 
T2S3P0A30B40QHD325 30 40 0.035 3 325 8.13 17 83 
T2S3P0A30B40QHD350 30 40 0.035 3 350 8.75 16 84 
T2S3P0A30B50QHD25 30 50 0.035 3 25 0.50 99 1 
T2S3P0A30B50QHD50 30 50 0.035 3 50 1.00 95 5 
T2S3P0A30B50QHD75 30 50 0.035 3 75 1.50 62 38 
T2S3P0A30B50QHD100 30 50 0.035 3 100 2.00 35 65 
T2S3P0A30B50QHD150 30 50 0.035 3 150 3.00 34 66 
T2S3P0A30B50QHD200 30 50 0.035 3 200 4.00 28 72 
T2S3P0A30B50QHD275 30 50 0.035 3 275 5.50 22 78 
T2S3P0A30B50QHD300 30 50 0.035 3 300 6.00 20 80 
T2S3P0A30B50QHD325 30 50 0.035 3 325 6.50 20 80 
T2S3P0A30B50QHD350 30 50 0.035 3 350 7.00 21 79 
T2S3P0A30B60QHD25 30 60 0.035 3 25 0.42 100 0 
T2S3P0A30B60QHD50 30 60 0.035 3 50 0.83 99 1 
T2S3P0A30B60QHD75 30 60 0.035 3 75 1.25 70 30 
T2S3P0A30B60QHD100 30 60 0.035 3 100 1.67 50 50 
T2S3P0A30B60QHD150 30 60 0.035 3 150 2.50 44 56 
T2S3P0A30B60QHD200 30 60 0.035 3 200 3.33 33 67 
T2S3P0A30B60QHD275 30 60 0.035 3 275 4.58 34 66 
T2S3P0A30B60QHD300 30 60 0.035 3 300 5.00 31 69 






























T2S3P0A30B60QHD350 30 60 0.035 3 350 5.83 19 81 
T2S3P0A30B80QHD25 30 80 0.035 3 25 0.31 100 0 
T2S3P0A30B80QHD50 30 80 0.035 3 50 0.63 98 2 
T2S3P0A30B80QHD75 30 80 0.035 3 75 0.94 97 3 
T2S3P0A30B80QHD100 30 80 0.035 3 100 1.25 58 42 
T2S3P0A30B80QHD150 30 80 0.035 3 150 1.88 51 49 
T2S3P0A30B80QHD200 30 80 0.035 3 200 2.50 40 60 
T2S3P0A30B80QHD275 30 80 0.035 3 275 3.44 33 67 
T2S3P0A30B80QHD300 30 80 0.035 3 300 3.75 35 65 
T2S3P0A30B80QHD325 30 80 0.035 3 325 4.06 38 62 
T2S3P0A30B80QHD350 30 80 0.035 3 350 4.38 30 70 
T2S3P0A30B100QHD25 30 100 0.035 3 25 0.25 100 0 
T2S3P0A30B100QHD50 30 100 0.035 3 50 0.50 100 0 
T2S3P0A30B100QHD75 30 100 0.035 3 75 0.75 98 2 
T2S3P0A30B100QHD100 30 100 0.035 3 100 1.00 92 8 
T2S3P0A30B100QHD150 30 100 0.035 3 150 1.50 60 40 
T2S3P0A30B100QHD200 30 100 0.035 3 200 2.00 49 51 
T2S3P0A30B100QHD275 30 100 0.035 3 275 2.75 47 53 
T2S3P0A30B100QHD300 30 100 0.035 3 300 3.00 45 55 
T2S3P0A30B100QHD325 30 100 0.035 3 325 3.25 40 60 
T2S3P0A30B100QHD350 30 100 0.035 3 350 3.50 41 59 
T2S3P0A30B150QHD25 30 150 0.035 3 25 0.17 100 0 
T2S3P0A30B150QHD50 30 150 0.035 3 50 0.33 99 1 
T2S3P0A30B150QHD75 30 150 0.035 3 75 0.50 95 5 
T2S3P0A30B150QHD100 30 150 0.035 3 100 0.67 93 7 
T2S3P0A30B150QHD150 30 150 0.035 3 150 1.00 91 9 
T2S3P0A30B150QHD200 30 150 0.035 3 200 1.33 75 25 
T2S3P0A30B150QHD275 30 150 0.035 3 275 1.83 50 50 
T2S3P0A30B150QHD300 30 150 0.035 3 300 2.00 45 55 
T2S3P0A30B150QHD325 30 150 0.035 3 325 2.17 45 55 
T2S3P0A30B150QHD350 30 150 0.035 3 350 2.33 48 52 
T2S3P0A45B30QHD25 45 30 0.035 3 25 0.83 97 3 
T2S3P0A45B30QHD50 45 30 0.035 3 50 1.67 61 39 
T2S3P0A45B30QHD75 45 30 0.035 3 75 2.50 51 49 
T2S3P0A45B30QHD100 45 30 0.035 3 100 3.33 32 68 






























T2S3P0A45B30QHD200 45 30 0.035 3 200 6.67 17 83 
T2S3P0A45B30QHD275 45 30 0.035 3 275 9.17 19 81 
T2S3P0A45B30QHD300 45 30 0.035 3 300 10.00 17 83 
T2S3P0A45B30QHD325 45 30 0.035 3 325 10.83 15 85 
T2S3P0A45B30QHD350 45 30 0.035 3 350 11.67 15 85 
T2S3P0A45B40QHD25 45 40 0.035 3 25 0.63 94 6 
T2S3P0A45B40QHD50 45 40 0.035 3 50 1.25 85 15 
T2S3P0A45B40QHD75 45 40 0.035 3 75 1.88 32 68 
T2S3P0A45B40QHD100 45 40 0.035 3 100 2.50 33 67 
T2S3P0A45B40QHD150 45 40 0.035 3 150 3.75 26 74 
T2S3P0A45B40QHD200 45 40 0.035 3 200 5.00 19 81 
T2S3P0A45B40QHD275 45 40 0.035 3 275 6.88 22 78 
T2S3P0A45B40QHD300 45 40 0.035 3 300 7.50 19 81 
T2S3P0A45B40QHD325 45 40 0.035 3 325 8.13 16 84 
T2S3P0A45B40QHD350 45 40 0.035 3 350 8.75 15 85 
T2S3P0A45B50QHD25 45 50 0.035 3 25 0.50 98 2 
T2S3P0A45B50QHD50 45 50 0.035 3 50 1.00 91 9 
T2S3P0A45B50QHD75 45 50 0.035 3 75 1.50 66 34 
T2S3P0A45B50QHD100 45 50 0.035 3 100 2.00 41 59 
T2S3P0A45B50QHD150 45 50 0.035 3 150 3.00 35 65 
T2S3P0A45B50QHD200 45 50 0.035 3 200 4.00 29 71 
T2S3P0A45B50QHD275 45 50 0.035 3 275 5.50 24 76 
T2S3P0A45B50QHD300 45 50 0.035 3 300 6.00 18 82 
T2S3P0A45B50QHD325 45 50 0.035 3 325 6.50 18 82 
T2S3P0A45B50QHD350 45 50 0.035 3 350 7.00 17 83 
T2S3P0A45B60QHD25 45 60 0.035 3 25 0.42 100 0 
T2S3P0A45B60QHD50 45 60 0.035 3 50 0.83 97 3 
T2S3P0A45B60QHD75 45 60 0.035 3 75 1.25 76 24 
T2S3P0A45B60QHD100 45 60 0.035 3 100 1.67 47 53 
T2S3P0A45B60QHD150 45 60 0.035 3 150 2.50 42 58 
T2S3P0A45B60QHD200 45 60 0.035 3 200 3.33 32 68 
T2S3P0A45B60QHD275 45 60 0.035 3 275 4.58 35 65 
T2S3P0A45B60QHD300 45 60 0.035 3 300 5.00 27 73 
T2S3P0A45B60QHD325 45 60 0.035 3 325 5.42 18 82 
T2S3P0A45B60QHD350 45 60 0.035 3 350 5.83 18 82 






























T2S3P0A45B80QHD50 45 80 0.035 3 50 0.63 98 2 
T2S3P0A45B80QHD75 45 80 0.035 3 75 0.94 92 8 
T2S3P0A45B80QHD100 45 80 0.035 3 100 1.25 60 40 
T2S3P0A45B80QHD150 45 80 0.035 3 150 1.88 51 49 
T2S3P0A45B80QHD200 45 80 0.035 3 200 2.50 40 60 
T2S3P0A45B80QHD275 45 80 0.035 3 275 3.44 30 70 
T2S3P0A45B80QHD300 45 80 0.035 3 300 3.75 35 65 
T2S3P0A45B80QHD325 45 80 0.035 3 325 4.06 39 61 
T2S3P0A45B80QHD350 45 80 0.035 3 350 4.38 35 65 
T2S3P0A45B100QHD25 45 100 0.035 3 25 0.25 100 0 
T2S3P0A45B100QHD50 45 100 0.035 3 50 0.50 100 0 
T2S3P0A45B100QHD75 45 100 0.035 3 75 0.75 98 2 
T2S3P0A45B100QHD100 45 100 0.035 3 100 1.00 95 5 
T2S3P0A45B100QHD150 45 100 0.035 3 150 1.50 69 31 
T2S3P0A45B100QHD200 45 100 0.035 3 200 2.00 44 56 
T2S3P0A45B100QHD275 45 100 0.035 3 275 2.75 34 66 
T2S3P0A45B100QHD300 45 100 0.035 3 300 3.00 40 60 
T2S3P0A45B100QHD325 45 100 0.035 3 325 3.25 36 64 
T2S3P0A45B100QHD350 45 100 0.035 3 350 3.50 35 65 
T2S3P0A45B150QHD25 45 150 0.035 3 25 0.17 100 0 
T2S3P0A45B150QHD50 45 150 0.035 3 50 0.33 100 0 
T2S3P0A45B150QHD75 45 150 0.035 3 75 0.50 100 0 
T2S3P0A45B150QHD100 45 150 0.035 3 100 0.67 96 4 
T2S3P0A45B150QHD150 45 150 0.035 3 150 1.00 95 5 
T2S3P0A45B150QHD200 45 150 0.035 3 200 1.33 85 15 
T2S3P0A45B150QHD275 45 150 0.035 3 275 1.83 62 38 
T2S3P0A45B150QHD300 45 150 0.035 3 300 2.00 61 39 
T2S3P0A45B150QHD325 45 150 0.035 3 325 2.17 57 43 
T2S3P0A45B150QHD350 45 150 0.035 3 350 2.33 58 42 
T2S3P0A60B30QHD25 60 30 0.035 3 25 0.83 100 0 
T2S3P0A60B30QHD50 60 30 0.035 3 50 1.67 65 35 
T2S3P0A60B30QHD75 60 30 0.035 3 75 2.5 48 52 
T2S3P0A60B30QHD100 60 30 0.035 3 100 3.33 36 64 
T2S3P0A60B30QHD150 60 30 0.035 3 150 5 19 81 
T2S3P0A60B30QHD200 60 30 0.035 3 200 6.67 17 83 






























T2S3P0A60B30QHD300 60 30 0.035 3 300 10.00 19 81 
T2S3P0A60B30QHD325 60 30 0.035 3 325 10.83 24 76 
T2S3P0A60B30QHD350 60 30 0.035 3 350 11.67 17 83 
T2S3P0A60B40QHD25 60 40 0.035 3 25 0.63 100 0 
T2S3P0A60B40QHD50 60 40 0.035 3 50 1.25 86 14 
T2S3P0A60B40QHD75 60 40 0.035 3 75 1.88 55 45 
T2S3P0A60B40QHD100 60 40 0.035 3 100 2.5 51 49 
T2S3P0A60B40QHD150 60 40 0.035 3 150 3.75 34 66 
T2S3P0A60B40QHD200 60 40 0.035 3 200 5 31 69 
T2S3P0A60B40QHD275 60 40 0.035 3 275 6.88 26 74 
T2S3P0A60B40QHD300 60 40 0.035 3 300 7.50 24 76 
T2S3P0A60B40QHD325 60 40 0.035 3 325 8.13 18 82 
T2S3P0A60B40QHD350 60 40 0.035 3 350 8.75 30 70 
T2S3P0A60B50QHD25 60 50 0.035 3 25 0.5 100 0 
T2S3P0A60B50QHD50 60 50 0.035 3 50 1 98 2 
T2S3P0A60B50QHD75 60 50 0.035 3 75 1.5 87 13 
T2S3P0A60B50QHD100 60 50 0.035 3 100 2 58 42 
T2S3P0A60B50QHD150 60 50 0.035 3 150 3 48 52 
T2S3P0A60B50QHD200 60 50 0.035 3 200 4 36 64 
T2S3P0A60B50QHD275 60 50 0.035 3 275 5.5 37 63 
T2S3P0A60B50QHD300 60 50 0.035 3 300 6.00 31 69 
T2S3P0A60B50QHD325 60 50 0.035 3 325 6.50 34 66 
T2S3P0A60B50QHD350 60 50 0.035 3 350 7 28 72 
T2S3P0A60B60QHD25 60 60 0.035 3 25 0.42 100 0 
T2S3P0A60B60QHD50 60 60 0.035 3 50 0.83 100 0 
T2S3P0A60B60QHD75 60 60 0.035 3 75 1.25 81 19 
T2S3P0A60B60QHD100 60 60 0.035 3 100 1.67 74 26 
T2S3P0A60B60QHD150 60 60 0.035 3 150 2.5 45 55 
T2S3P0A60B60QHD200 60 60 0.035 3 200 3.33 45 55 
T2S3P0A60B60QHD275 60 60 0.035 3 275 4.58 38 62 
T2S3P0A60B60QHD300 60 60 0.035 3 300 5.00 36 64 
T2S3P0A60B60QHD325 60 60 0.035 3 325 5.42 42 58 
T2S3P0A60B60QHD350 60 60 0.035 3 350 5.83 34 66 
T2S3P0A60B80QHD25 60 80 0.035 3 25 0.31 100 0 
T2S3P0A60B80QHD50 60 80 0.035 3 50 0.63 100 0 






























T2S3P0A60B80QHD100 60 80 0.035 3 100 1.25 92 8 
T2S3P0A60B80QHD150 60 80 0.035 3 150 1.88 56 44 
T2S3P0A60B80QHD200 60 80 0.035 3 200 2.5 53 47 
T2S3P0A60B80QHD275 60 80 0.035 3 275 3.44 50 50 
T2S3P0A60B80QHD300 60 80 0.035 3 300 3.75 37 63 
T2S3P0A60B80QHD325 60 80 0.035 3 325 4.06 42 58 
T2S3P0A60B80QHD350 60 80 0.035 3 350 4.38 32 68 
T2S3P0A60B100QHD25 60 100 0.035 3 25 0.25 100 0 
T2S3P0A60B100QHD50 60 100 0.035 3 50 0.5 100 0 
T2S3P0A60B100QHD75 60 100 0.035 3 75 0.75 100 0 
T2S3P0A60B100QHD100 60 100 0.035 3 100 1 98 2 
T2S3P0A60B100QHD150 60 100 0.035 3 150 1.5 82 18 
T2S3P0A60B100QHD200 60 100 0.035 3 200 2 57 43 
T2S3P0A60B100QHD275 60 100 0.035 3 275 2.75 60 40 
T2S3P0A60B100QHD300 60 100 0.035 3 300 3.00 44 56 
T2S3P0A60B100QHD325 60 100 0.035 3 325 3.25 41 59 
T2S3P0A60B100QHD350 60 100 0.035 3 350 3.5 43 57 
T2S3P0A60B150QHD25 60 150 0.035 3 25 0.17 100 0 
T2S3P0A60B150QHD50 60 150 0.035 3 50 0.33 100 0 
T2S3P0A60B150QHD75 60 150 0.035 3 75 0.5 100 0 
T2S3P0A60B150QHD100 60 150 0.035 3 100 0.67 100 0 
T2S3P0A60B150QHD150 60 150 0.035 3 150 1 100 0 
T2S3P0A60B150QHD200 60 150 0.035 3 200 1.33 86 14 
T2S3P0A60B150QHD275 60 150 0.035 3 275 1.83 64 36 
T2S3P0A60B150QHD300 60 150 0.035 3 300 2.00 70 30 
T2S3P0A60B150QHD325 60 150 0.035 3 325 2.17 70 30 










Appendix D – Results from Test Phase 3 


























T3S1P1A60B30QHD025 60 30 0.035 1 25 0.83 100 0 
T3S1P1A60B30QHD050 60 30 0.035 1 50 1.67 35 65 
T3S1P1A60B30QHD075 60 30 0.035 1 75 2.50 24 76 
T3S1P1A60B30QHD100 60 30 0.035 1 100 3.33 25 75 
T3S1P1A60B30QHD150 60 30 0.035 1 150 5.00 13 87 
T3S1P1A60B30QHD200 60 30 0.035 1 200 6.67 15 85 
T3S1P1A60B30QHD275 60 30 0.035 1 275 9.17 11 89 
T3S1P1A60B30QHD300 60 30 0.035 1 300 10.00 10 90 
T3S1P1A60B30QHD325 60 30 0.035 1 325 10.83 11 89 
T3S1P1A60B30QHD350 60 30 0.035 1 350 11.67 12 88 
T3S1P1A60B40QHD025 60 40 0.035 1 25 0.63 96 4 
T3S1P1A60B40QHD050 60 40 0.035 1 50 1.25 70 30 
T3S1P1A60B40QHD075 60 40 0.035 1 75 1.88 38 62 
T3S1P1A60B40QHD100 60 40 0.035 1 100 2.50 25 75 
T3S1P1A60B40QHD150 60 40 0.035 1 150 3.75 20 80 
T3S1P1A60B40QHD200 60 40 0.035 1 200 5.00 17 83 
T3S1P1A60B40QHD275 60 40 0.035 1 275 6.88 16 84 
T3S1P1A60B40QHD300 60 40 0.035 1 300 7.50 17 83 
T3S1P1A60B40QHD325 60 40 0.035 1 325 8.13 15 85 
T3S1P1A60B40QHD350 60 40 0.035 1 350 8.75 13 87 
T3S1P1A60B50QHD025 60 50 0.035 1 25 0.50 97 3 
T3S1P1A60B50QHD050 60 50 0.035 1 50 1.00 95 5 
T3S1P1A60B50QHD075 60 50 0.035 1 75 1.50 43 57 
T3S1P1A60B50QHD100 60 50 0.035 1 100 2.00 37 63 
T3S1P1A60B50QHD150 60 50 0.035 1 150 3.00 30 70 
T3S1P1A60B50QHD200 60 50 0.035 1 200 4.00 23 77 
T3S1P1A60B50QHD275 60 50 0.035 1 275 5.50 19 81 
T3S1P1A60B50QHD300 60 50 0.035 1 300 6.00 16 84 
T3S1P1A60B50QHD325 60 50 0.035 1 325 6.50 16 84 





























T3S1P1A60B60QHD025 60 60 0.035 1 25 0.42 92 8 
T3S1P1A60B60QHD050 60 60 0.035 1 50 0.83 99 1 
T3S1P1A60B60QHD075 60 60 0.035 1 75 1.25 84 16 
T3S1P1A60B60QHD100 60 60 0.035 1 100 1.67 45 55 
T3S1P1A60B60QHD150 60 60 0.035 1 150 2.50 25 75 
T3S1P1A60B60QHD200 60 60 0.035 1 200 3.33 28 72 
T3S1P1A60B60QHD275 60 60 0.035 1 275 4.58 15 85 
T3S1P1A60B60QHD300 60 60 0.035 1 300 5.00 28 72 
T3S1P1A60B60QHD325 60 60 0.035 1 325 5.42 31 69 
T3S1P1A60B60QHD350 60 60 0.035 1 350 5.83 24 76 
T3S1P1A60B80QHD025 60 80 0.035 1 25 0.31 96 4 
T3S1P1A60B80QHD050 60 80 0.035 1 50 0.63 96 4 
T3S1P1A60B80QHD075 60 80 0.035 1 75 0.94 89 11 
T3S1P1A60B80QHD100 60 80 0.035 1 100 1.25 70 30 
T3S1P1A60B80QHD150 60 80 0.035 1 150 1.88 35 65 
T3S1P1A60B80QHD200 60 80 0.035 1 200 2.50 30 70 
T3S1P1A60B80QHD275 60 80 0.035 1 275 3.44 22 78 
T3S1P1A60B80QHD300 60 80 0.035 1 300 3.75 21 79 
T3S1P1A60B80QHD325 60 80 0.035 1 325 4.06 25 75 
T3S1P1A60B80QHD350 60 80 0.035 1 350 4.38 29 71 
T3S1P1A60B100QHD025 60 100 0.035 1 25 0.25 98 2 
T3S1P1A60B100QHD050 60 100 0.035 1 50 0.50 90 10 
T3S1P1A60B100QHD075 60 100 0.035 1 75 0.75 94 6 
T3S1P1A60B100QHD100 60 100 0.035 1 100 1.00 81 19 
T3S1P1A60B100QHD150 60 100 0.035 1 150 1.50 41 59 
T3S1P1A60B100QHD200 60 100 0.035 1 200 2.00 37 63 
T3S1P1A60B100QHD275 60 100 0.035 1 275 2.75 16 84 
T3S1P1A60B100QHD300 60 100 0.035 1 300 3.00 20 80 
T3S1P1A60B100QHD325 60 100 0.035 1 325 3.25 27 73 
T3S1P1A60B100QHD350 60 100 0.035 1 350 3.50 33 67 
T3S1P1A60B150QHD025 60 150 0.035 1 25 0.17 100 0 
T3S1P1A60B150QHD050 60 150 0.035 1 50 0.33 100 0 





























T3S1P1A60B150QHD100 60 150 0.035 1 100 0.67 98 2 
T3S1P1A60B150QHD150 60 150 0.035 1 150 1.00 85 15 
T3S1P1A60B150QHD200 60 150 0.035 1 200 1.33 69 31 
T3S1P1A60B150QHD275 60 150 0.035 1 275 1.83 42 58 
T3S1P1A60B150QHD300 60 150 0.035 1 300 2.00 26 74 
T3S1P1A60B150QHD325 60 150 0.035 1 325 2.17 28 72 
T3S1P1A60B150QHD350 60 150 0.035 1 350 2.33 29 71 
T3S1P2A60B30QHD025 60 30 0.035 2 25 0.83 100 0 
T3S1P2A60B30QHD050 60 30 0.035 2 50 1.67 49 51 
T3S1P2A60B30QHD075 60 30 0.035 2 75 2.50 35 65 
T3S1P2A60B30QHD100 60 30 0.035 2 100 3.33 23 77 
T3S1P2A60B30QHD150 60 30 0.035 2 150 5.00 18 82 
T3S1P2A60B30QHD200 60 30 0.035 2 200 6.67 23 77 
T3S1P2A60B30QHD275 60 30 0.035 2 275 9.17 12 88 
T3S1P2A60B30QHD300 60 30 0.035 2 300 10.00 9 91 
T3S1P2A60B30QHD325 60 30 0.035 2 325 10.83 15 85 
T3S1P2A60B30QHD350 60 30 0.035 2 350 11.67 9 91 
T3S1P2A60B40QHD025 60 40 0.035 2 25 0.63 100 0 
T3S1P2A60B40QHD050 60 40 0.035 2 50 1.25 87 13 
T3S1P2A60B40QHD075 60 40 0.035 2 75 1.88 42 58 
T3S1P2A60B40QHD100 60 40 0.035 2 100 2.50 32 68 
T3S1P2A60B40QHD150 60 40 0.035 2 150 3.75 27 73 
T3S1P2A60B40QHD200 60 40 0.035 2 200 5.00 23 77 
T3S1P2A60B40QHD275 60 40 0.035 2 275 6.88 25 75 
T3S1P2A60B40QHD300 60 40 0.035 2 300 7.50 19 81 
T3S1P2A60B40QHD325 60 40 0.035 2 325 8.13 22 78 
T3S1P2A60B40QHD350 60 40 0.035 2 350 8.75 20 80 
T3S1P2A60B50QHD025 60 50 0.035 2 25 0.50 98 2 
T3S1P2A60B50QHD050 60 50 0.035 2 50 1.00 93 7 
T3S1P2A60B50QHD075 60 50 0.035 2 75 1.50 54 46 
T3S1P2A60B50QHD100 60 50 0.035 2 100 2.00 35 65 
T3S1P2A60B50QHD150 60 50 0.035 2 150 3.00 26 74 





























T3S1P2A60B50QHD275 60 50 0.035 2 275 5.50 21 79 
T3S1P2A60B50QHD300 60 50 0.035 2 300 6.00 21 79 
T3S1P2A60B50QHD325 60 50 0.035 2 325 6.50 17 83 
T3S1P2A60B50QHD350 60 50 0.035 2 350 7.00 19 81 
T3S1P2A60B60QHD025 60 60 0.035 2 25 0.42 99 1 
T3S1P2A60B60QHD050 60 60 0.035 2 50 0.83 91 9 
T3S1P2A60B60QHD075 60 60 0.035 2 75 1.25 82 18 
T3S1P2A60B60QHD100 60 60 0.035 2 100 1.67 53 47 
T3S1P2A60B60QHD150 60 60 0.035 2 150 2.50 29 71 
T3S1P2A60B60QHD200 60 60 0.035 2 200 3.33 31 69 
T3S1P2A60B60QHD275 60 60 0.035 2 275 4.58 23 77 
T3S1P2A60B60QHD300 60 60 0.035 2 300 5.00 24 76 
T3S1P2A60B60QHD325 60 60 0.035 2 325 5.42 28 72 
T3S1P2A60B60QHD350 60 60 0.035 2 350 5.83 15 85 
T3S1P2A60B80QHD025 60 80 0.035 2 25 0.31 98 2 
T3S1P2A60B80QHD050 60 80 0.035 2 50 0.63 94 6 
T3S1P2A60B80QHD075 60 80 0.035 2 75 0.94 90 10 
T3S1P2A60B80QHD100 60 80 0.035 2 100 1.25 72 28 
T3S1P2A60B80QHD150 60 80 0.035 2 150 1.88 41 59 
T3S1P2A60B80QHD200 60 80 0.035 2 200 2.50 30 70 
T3S1P2A60B80QHD275 60 80 0.035 2 275 3.44 31 69 
T3S1P2A60B80QHD300 60 80 0.035 2 300 3.75 32 68 
T3S1P2A60B80QHD325 60 80 0.035 2 325 4.06 29 71 
T3S1P2A60B80QHD350 60 80 0.035 2 350 4.38 28 72 
T3S1P2A60B100QHD025 60 100 0.035 2 25 0.25 100 0 
T3S1P2A60B100QHD050 60 100 0.035 2 50 0.50 97 3 
T3S1P2A60B100QHD075 60 100 0.035 2 75 0.75 92 8 
T3S1P2A60B100QHD100 60 100 0.035 2 100 1.00 93 7 
T3S1P2A60B100QHD150 60 100 0.035 2 150 1.50 58 42 
T3S1P2A60B100QHD200 60 100 0.035 2 200 2.00 35 65 
T3S1P2A60B100QHD275 60 100 0.035 2 275 2.75 35 65 
T3S1P2A60B100QHD300 60 100 0.035 2 300 3.00 28 72 





























T3S1P2A60B100QHD350 60 100 0.035 2 350 3.50 22 78 
T3S1P2A60B150QHD025 60 150 0.035 2 25 0.17 100 0 
T3S1P2A60B150QHD050 60 150 0.035 2 50 0.33 100 0 
T3S1P2A60B150QHD075 60 150 0.035 2 75 0.50 96 4 
T3S1P2A60B150QHD100 60 150 0.035 2 100 0.67 96 4 
T3S1P2A60B150QHD150 60 150 0.035 2 150 1.00 94 6 
T3S1P2A60B150QHD200 60 150 0.035 2 200 1.33 79 21 
T3S1P2A60B150QHD275 60 150 0.035 2 275 1.83 57 43 
T3S1P2A60B150QHD300 60 150 0.035 2 300 2.00 50 50 
T3S1P2A60B150QHD325 60 150 0.035 2 325 2.17 57 43 
T3S1P2A60B150QHD350 60 150 0.035 2 350 2.33 58 42 
T3S1P3A60B30QHD025 60 30 0.035 3 25 0.83 99 1 
T3S1P3A60B30QHD050 60 30 0.035 3 50 1.67 62 38 
T3S1P3A60B30QHD075 60 30 0.035 3 75 2.50 40 60 
T3S1P3A60B30QHD100 60 30 0.035 3 100 3.33 39 61 
T3S1P3A60B30QHD150 60 30 0.035 3 150 5.00 23 77 
T3S1P3A60B30QHD200 60 30 0.035 3 200 6.67 11 89 
T3S1P3A60B30QHD275 60 30 0.035 3 275 9.17 15 85 
T3S1P3A60B30QHD300 60 30 0.035 3 300 10.00 11 89 
T3S1P3A60B30QHD325 60 30 0.035 3 325 10.83 27 73 
T3S1P3A60B30QHD350 60 30 0.035 3 350 11.67 23 77 
T3S1P3A60B40QHD025 60 40 0.035 3 25 0.63 98 2 
T3S1P3A60B40QHD050 60 40 0.035 3 50 1.25 82 18 
T3S1P3A60B40QHD075 60 40 0.035 3 75 1.88 48 52 
T3S1P3A60B40QHD100 60 40 0.035 3 100 2.50 36 64 
T3S1P3A60B40QHD150 60 40 0.035 3 150 3.75 28 72 
T3S1P3A60B40QHD200 60 40 0.035 3 200 5.00 27 73 
T3S1P3A60B40QHD275 60 40 0.035 3 275 6.88 23 77 
T3S1P3A60B40QHD300 60 40 0.035 3 300 7.50 23 77 
T3S1P3A60B40QHD325 60 40 0.035 3 325 8.13 17 83 
T3S1P3A60B40QHD350 60 40 0.035 3 350 8.75 19 81 
T3S1P3A60B50QHD025 60 50 0.035 3 25 0.50 99 1 





























T3S1P3A60B50QHD075 60 50 0.035 3 75 1.50 72 28 
T3S1P3A60B50QHD100 60 50 0.035 3 100 2.00 54 46 
T3S1P3A60B50QHD150 60 50 0.035 3 150 3.00 34 66 
T3S1P3A60B50QHD200 60 50 0.035 3 200 4.00 34 66 
T3S1P3A60B50QHD275 60 50 0.035 3 275 5.50 23 77 
T3S1P3A60B50QHD300 60 50 0.035 3 300 6.00 35 65 
T3S1P3A60B50QHD325 60 50 0.035 3 325 6.50 27 73 
T3S1P3A60B50QHD350 60 50 0.035 3 350 7.00 28 72 
T3S1P3A60B60QHD025 60 60 0.035 3 25 0.42 99 1 
T3S1P3A60B60QHD050 60 60 0.035 3 50 0.83 97 3 
T3S1P3A60B60QHD075 60 60 0.035 3 75 1.25 77 23 
T3S1P3A60B60QHD100 60 60 0.035 3 100 1.67 59 41 
T3S1P3A60B60QHD150 60 60 0.035 3 150 2.50 42 58 
T3S1P3A60B60QHD200 60 60 0.035 3 200 3.33 41 59 
T3S1P3A60B60QHD275 60 60 0.035 3 275 4.58 25 75 
T3S1P3A60B60QHD300 60 60 0.035 3 300 5.00 24 76 
T3S1P3A60B60QHD325 60 60 0.035 3 325 5.42 28 72 
T3S1P3A60B60QHD350 60 60 0.035 3 350 5.83 30 70 
T3S1P3A60B80QHD025 60 80 0.035 3 25 0.31 100 0 
T3S1P3A60B80QHD050 60 80 0.035 3 50 0.63 100 0 
T3S1P3A60B80QHD075 60 80 0.035 3 75 0.94 97 3 
T3S1P3A60B80QHD100 60 80 0.035 3 100 1.25 87 13 
T3S1P3A60B80QHD150 60 80 0.035 3 150 1.88 55 45 
T3S1P3A60B80QHD200 60 80 0.035 3 200 2.50 41 59 
T3S1P3A60B80QHD275 60 80 0.035 3 275 3.44 40 60 
T3S1P3A60B80QHD300 60 80 0.035 3 300 3.75 47 53 
T3S1P3A60B80QHD325 60 80 0.035 3 325 4.06 51 49 
T3S1P3A60B80QHD350 60 80 0.035 3 350 4.38 55 45 
T3S1P3A60B100QHD025 60 100 0.035 3 25 0.25 100 0 
T3S1P3A60B100QHD050 60 100 0.035 3 50 0.50 98 2 
T3S1P3A60B100QHD075 60 100 0.035 3 75 0.75 97 3 
T3S1P3A60B100QHD100 60 100 0.035 3 100 1.00 98 2 





























T3S1P3A60B100QHD200 60 100 0.035 3 200 2.00 58 42 
T3S1P3A60B100QHD275 60 100 0.035 3 275 2.75 37 63 
T3S1P3A60B100QHD300 60 100 0.035 3 300 3.00 36 64 
T3S1P3A60B100QHD325 60 100 0.035 3 325 3.25 43 57 
T3S1P3A60B100QHD350 60 100 0.035 3 350 3.50 37 63 
T3S1P3A60B150QHD025 60 150 0.035 3 25 0.17 100 0 
T3S1P3A60B150QHD050 60 150 0.035 3 50 0.33 99 1 
T3S1P3A60B150QHD075 60 150 0.035 3 75 0.50 97 3 
T3S1P3A60B150QHD100 60 150 0.035 3 100 0.67 99 1 
T3S1P3A60B150QHD150 60 150 0.035 3 150 1.00 98 2 
T3S1P3A60B150QHD200 60 150 0.035 3 200 1.33 86 14 
T3S1P3A60B150QHD275 60 150 0.035 3 275 1.83 52 48 
T3S1P3A60B150QHD300 60 150 0.035 3 300 2.00 49 51 
T3S1P3A60B150QHD325 60 150 0.035 3 325 2.17 53 47 
T3S1P3A60B150QHD350 60 150 0.035 3 350 2.33 53 47 
T3S1P4A60B30QHD025 60 30 0.035 4 25 0.83 99 1 
T3S1P4A60B30QHD050 60 30 0.035 4 50 1.67 61 39 
T3S1P4A60B30QHD075 60 30 0.035 4 75 2.50 54 46 
T3S1P4A60B30QHD100 60 30 0.035 4 100 3.33 42 58 
T3S1P4A60B30QHD150 60 30 0.035 4 150 5.00 25 75 
T3S1P4A60B30QHD200 60 30 0.035 4 200 6.67 24 76 
T3S1P4A60B30QHD275 60 30 0.035 4 275 9.17 35 65 
T3S1P4A60B30QHD300 60 30 0.035 4 300 10.00 23 77 
T3S1P4A60B30QHD325 60 30 0.035 4 325 10.83 31 69 
T3S1P4A60B30QHD350 60 30 0.035 4 350 11.67 40 60 
T3S1P4A60B40QHD025 60 40 0.035 4 25 0.63 98 2 
T3S1P4A60B40QHD050 60 40 0.035 4 50 1.25 87 13 
T3S1P4A60B40QHD075 60 40 0.035 4 75 1.88 57 43 
T3S1P4A60B40QHD100 60 40 0.035 4 100 2.50 42 58 
T3S1P4A60B40QHD150 60 40 0.035 4 150 3.75 42 58 
T3S1P4A60B40QHD200 60 40 0.035 4 200 5.00 40 60 
T3S1P4A60B40QHD275 60 40 0.035 4 275 6.88 39 61 





























T3S1P4A60B40QHD325 60 40 0.035 4 325 8.13 31 69 
T3S1P4A60B40QHD350 60 40 0.035 4 350 8.75 35 65 
T3S1P4A60B50QHD025 60 50 0.035 4 25 0.50 100 0 
T3S1P4A60B50QHD050 60 50 0.035 4 50 1.00 95 5 
T3S1P4A60B50QHD075 60 50 0.035 4 75 1.50 73 27 
T3S1P4A60B50QHD100 60 50 0.035 4 100 2.00 64 36 
T3S1P4A60B50QHD150 60 50 0.035 4 150 3.00 49 51 
T3S1P4A60B50QHD200 60 50 0.035 4 200 4.00 45 55 
T3S1P4A60B50QHD275 60 50 0.035 4 275 5.50 44 56 
T3S1P4A60B50QHD300 60 50 0.035 4 300 6.00 34 66 
T3S1P4A60B50QHD325 60 50 0.035 4 325 6.50 33 67 
T3S1P4A60B50QHD350 60 50 0.035 4 350 7.00 48 52 
T3S1P4A60B60QHD025 60 60 0.035 4 25 0.42 100 0 
T3S1P4A60B60QHD050 60 60 0.035 4 50 0.83 98 2 
T3S1P4A60B60QHD075 60 60 0.035 4 75 1.25 86 14 
T3S1P4A60B60QHD100 60 60 0.035 4 100 1.67 65 35 
T3S1P4A60B60QHD150 60 60 0.035 4 150 2.50 55 45 
T3S1P4A60B60QHD200 60 60 0.035 4 200 3.33 50 50 
T3S1P4A60B60QHD275 60 60 0.035 4 275 4.58 47 53 
T3S1P4A60B60QHD300 60 60 0.035 4 300 5.00 39 61 
T3S1P4A60B60QHD325 60 60 0.035 4 325 5.42 30 70 
T3S1P4A60B60QHD350 60 60 0.035 4 350 5.83 37 63 
T3S1P4A60B80QHD025 60 80 0.035 4 25 0.31 98 2 
T3S1P4A60B80QHD050 60 80 0.035 4 50 0.63 100 0 
T3S1P4A60B80QHD075 60 80 0.035 4 75 0.94 97 3 
T3S1P4A60B80QHD100 60 80 0.035 4 100 1.25 90 10 
T3S1P4A60B80QHD150 60 80 0.035 4 150 1.88 69 31 
T3S1P4A60B80QHD200 60 80 0.035 4 200 2.50 64 36 
T3S1P4A60B80QHD275 60 80 0.035 4 275 3.44 64 36 
T3S1P4A60B80QHD300 60 80 0.035 4 300 3.75 44 56 
T3S1P4A60B80QHD325 60 80 0.035 4 325 4.06 45 55 
T3S1P4A60B80QHD350 60 80 0.035 4 350 4.38 60 40 





























T3S1P4A60B100QHD050 60 100 0.035 4 50 0.50 97 3 
T3S1P4A60B100QHD075 60 100 0.035 4 75 0.75 98 2 
T3S1P4A60B100QHD100 60 100 0.035 4 100 1.00 97 3 
T3S1P4A60B100QHD150 60 100 0.035 4 150 1.50 83 17 
T3S1P4A60B100QHD200 60 100 0.035 4 200 2.00 71 29 
T3S1P4A60B100QHD275 60 100 0.035 4 275 2.75 61 39 
T3S1P4A60B100QHD300 60 100 0.035 4 300 3.00 60 40 
T3S1P4A60B100QHD325 60 100 0.035 4 325 3.25 50 50 
T3S1P4A60B100QHD350 60 100 0.035 4 350 3.50 64 36 
T3S1P4A60B150QHD025 60 150 0.035 4 25 0.17 100 0 
T3S1P4A60B150QHD050 60 150 0.035 4 50 0.33 98 2 
T3S1P4A60B150QHD075 60 150 0.035 4 75 0.50 100 0 
T3S1P4A60B150QHD100 60 150 0.035 4 100 0.67 100 0 
T3S1P4A60B150QHD150 60 150 0.035 4 150 1.00 96 4 
T3S1P4A60B150QHD200 60 150 0.035 4 200 1.33 89 11 
T3S1P4A60B150QHD275 60 150 0.035 4 275 1.83 71 29 
T3S1P4A60B150QHD300 60 150 0.035 4 300 2.00 64 36 
T3S1P4A60B150QHD325 60 150 0.035 4 325 2.17 61 39 




































T4S1P1A30B30QHD025 30 30 0.035 25 0.83 92 8 
T4S1P1A30B30QHD050 30 30 0.035 50 1.67 37 63 
T4S1P1A30B30QHD075 30 30 0.035 75 2.50 28 72 
T4S1P1A30B30QHD100 30 30 0.035 100 3.33 28 72 
T4S1P1A30B30QHD150 30 30 0.035 150 5.00 21 79 
T4S1P1A30B30QHD200 30 30 0.035 200 6.67 22 78 
T4S1P1A30B30QHD275 30 30 0.035 275 9.17 20 80 
T4S1P1A30B30QHD300 30 30 0.035 300 10.00 22 78 
T4S1P1A30B30QHD325 30 30 0.035 325 10.83 20 80 
T4S1P1A30B30QHD350 30 30 0.035 350 11.67 25 75 
T4S1P1A30B40QHD025 30 40 0.035 25 0.63 94 6 
T4S1P1A30B40QHD050 30 40 0.035 50 1.25 70 30 
T4S1P1A30B40QHD075 30 40 0.035 75 1.88 37 63 
T4S1P1A30B40QHD100 30 40 0.035 100 2.50 33 67 
T4S1P1A30B40QHD150 30 40 0.035 150 3.75 27 73 
T4S1P1A30B40QHD200 30 40 0.035 200 5.00 25 75 
T4S1P1A30B40QHD275 30 40 0.035 275 6.88 23 77 
T4S1P1A30B40QHD300 30 40 0.035 300 7.50 21 79 
T4S1P1A30B40QHD325 30 40 0.035 325 8.13 21 79 
T4S1P1A30B40QHD350 30 40 0.035 350 8.75 22 78 
T4S1P1A30B50QHD025 30 50 0.035 25 0.50 97 3 
T4S1P1A30B50QHD050 30 50 0.035 50 1.00 88 12 
T4S1P1A30B50QHD075 30 50 0.035 75 1.50 55 45 
T4S1P1A30B50QHD100 30 50 0.035 100 2.00 44 56 
T4S1P1A30B50QHD150 30 50 0.035 150 3.00 36 64 
T4S1P1A30B50QHD200 30 50 0.035 200 4.00 39 61 
T4S1P1A30B50QHD275 30 50 0.035 275 5.50 28 72 
T4S1P1A30B50QHD300 30 50 0.035 300 6.00 30 70 
T4S1P1A30B50QHD325 30 50 0.035 325 6.50 28 72 
T4S1P1A30B50QHD350 30 50 0.035 350 7.00 28 72 
























T4S1P1A30B60QHD050 30 60 0.035 50 0.83 92 8 
T4S1P1A30B60QHD075 30 60 0.035 75 1.25 74 26 
T4S1P1A30B60QHD100 30 60 0.035 100 1.67 45 55 
T4S1P1A30B60QHD150 30 60 0.035 150 2.50 33 67 
T4S1P1A30B60QHD200 30 60 0.035 200 3.33 31 69 
T4S1P1A30B60QHD275 30 60 0.035 275 4.58 28 72 
T4S1P1A30B60QHD300 30 60 0.035 300 5.00 27 73 
T4S1P1A30B60QHD325 30 60 0.035 325 5.42 28 72 
T4S1P1A30B60QHD350 30 60 0.035 350 5.83 33 67 
T4S1P1A30B80QHD025 30 80 0.035 25 0.31 99 1 
T4S1P1A30B80QHD050 30 80 0.035 50 0.63 96 4 
T4S1P1A30B80QHD075 30 80 0.035 75 0.94 98 2 
T4S1P1A30B80QHD100 30 80 0.035 100 1.25 70 30 
T4S1P1A30B80QHD150 30 80 0.035 150 1.88 43 57 
T4S1P1A30B80QHD200 30 80 0.035 200 2.50 46 54 
T4S1P1A30B80QHD275 30 80 0.035 275 3.44 42 58 
T4S1P1A30B80QHD300 30 80 0.035 300 3.75 41 59 
T4S1P1A30B80QHD325 30 80 0.035 325 4.06 36 64 
T4S1P1A30B80QHD350 30 80 0.035 350 4.38 37 63 
T4S1P1A30B100QHD025 30 100 0.035 25 0.25 100 0 
T4S1P1A30B100QHD050 30 100 0.035 50 0.50 97 3 
T4S1P1A30B100QHD075 30 100 0.035 75 0.75 96 4 
T4S1P1A30B100QHD100 30 100 0.035 100 1.00 95 5 
T4S1P1A30B100QHD150 30 100 0.035 150 1.50 67 33 
T4S1P1A30B100QHD200 30 100 0.035 200 2.00 48 52 
T4S1P1A30B100QHD275 30 100 0.035 275 2.75 41 59 
T4S1P1A30B100QHD300 30 100 0.035 300 3.00 46 54 
T4S1P1A30B100QHD325 30 100 0.035 325 3.25 45 55 
T4S1P1A30B100QHD350 30 100 0.035 350 3.50 43 57 
T4S1P1A30B150QHD025 30 150 0.035 25 0.17 100 0 
T4S1P1A30B150QHD050 30 150 0.035 50 0.33 99 1 
T4S1P1A30B150QHD075 30 150 0.035 75 0.50 96 4 
























T4S1P1A30B150QHD150 30 150 0.035 150 1.00 95 5 
T4S1P1A30B150QHD200 30 150 0.035 200 1.33 80 20 
T4S1P1A30B150QHD275 30 150 0.035 275 1.83 73 27 
T4S1P1A30B150QHD300 30 150 0.035 300 2.00 68 32 
T4S1P1A30B150QHD325 30 150 0.035 325 2.17 62 38 
T4S1P1A30B150QHD350 30 150 0.035 350 2.33 63 37 
T4S1P1A45B30QHD025 45 30 0.035 25 0.83 96 4 
T4S1P1A45B30QHD050 45 30 0.035 50 1.67 43 57 
T4S1P1A45B30QHD075 45 30 0.035 75 2.50 32 68 
T4S1P1A45B30QHD100 45 30 0.035 100 3.33 30 70 
T4S1P1A45B30QHD150 45 30 0.035 150 5.00 20 80 
T4S1P1A45B30QHD200 45 30 0.035 200 6.67 19 81 
T4S1P1A45B30QHD275 45 30 0.035 275 9.17 24 76 
T4S1P1A45B30QHD300 45 30 0.035 300 10.00 28 72 
T4S1P1A45B30QHD325 45 30 0.035 325 10.83 26 74 
T4S1P1A45B30QHD350 45 30 0.035 350 11.67 25 75 
T4S1P1A45B40QHD025 45 40 0.035 25 0.63 96 4 
T4S1P1A45B40QHD050 45 40 0.035 50 1.25 73 27 
T4S1P1A45B40QHD075 45 40 0.035 75 1.88 38 62 
T4S1P1A45B40QHD100 45 40 0.035 100 2.50 30 70 
T4S1P1A45B40QHD150 45 40 0.035 150 3.75 28 72 
T4S1P1A45B40QHD200 45 40 0.035 200 5.00 28 72 
T4S1P1A45B40QHD275 45 40 0.035 275 6.88 25 75 
T4S1P1A45B40QHD300 45 40 0.035 300 7.50 27 73 
T4S1P1A45B40QHD325 45 40 0.035 325 8.13 30 70 
T4S1P1A45B40QHD350 45 40 0.035 350 8.75 21 79 
T4S1P1A45B50QHD025 45 50 0.035 25 0.50 97 3 
T4S1P1A45B50QHD050 45 50 0.035 50 1.00 87 13 
T4S1P1A45B50QHD075 45 50 0.035 75 1.50 50 50 
T4S1P1A45B50QHD100 45 50 0.035 100 2.00 40 60 
T4S1P1A45B50QHD150 45 50 0.035 150 3.00 37 63 
T4S1P1A45B50QHD200 45 50 0.035 200 4.00 35 65 
























T4S1P1A45B50QHD300 45 50 0.035 300 6.00 35 65 
T4S1P1A45B50QHD325 45 50 0.035 325 6.50 29 71 
T4S1P1A45B50QHD350 45 50 0.035 350 7.00 33 67 
T4S1P1A45B60QHD025 45 60 0.035 25 0.42 96 4 
T4S1P1A45B60QHD050 45 60 0.035 50 0.83 93 7 
T4S1P1A45B60QHD075 45 60 0.035 75 1.25 72 28 
T4S1P1A45B60QHD100 45 60 0.035 100 1.67 45 55 
T4S1P1A45B60QHD150 45 60 0.035 150 2.50 38 62 
T4S1P1A45B60QHD200 45 60 0.035 200 3.33 49 51 
T4S1P1A45B60QHD275 45 60 0.035 275 4.58 33 67 
T4S1P1A45B60QHD300 45 60 0.035 300 5.00 33 67 
T4S1P1A45B60QHD325 45 60 0.035 325 5.42 31 69 
T4S1P1A45B60QHD350 45 60 0.035 350 5.83 30 70 
T4S1P1A45B80QHD025 45 80 0.035 25 0.31 100 0 
T4S1P1A45B80QHD050 45 80 0.035 50 0.63 95 5 
T4S1P1A45B80QHD075 45 80 0.035 75 0.94 95 5 
T4S1P1A45B80QHD100 45 80 0.035 100 1.25 66 34 
T4S1P1A45B80QHD150 45 80 0.035 150 1.88 51 49 
T4S1P1A45B80QHD200 45 80 0.035 200 2.50 47 53 
T4S1P1A45B80QHD275 45 80 0.035 275 3.44 48 52 
T4S1P1A45B80QHD300 45 80 0.035 300 3.75 50 50 
T4S1P1A45B80QHD325 45 80 0.035 325 4.06 38 62 
T4S1P1A45B80QHD350 45 80 0.035 350 4.38 35 65 
T4S1P1A45B100QHD025 45 100 0.035 25 0.25 100 0 
T4S1P1A45B100QHD050 45 100 0.035 50 0.50 99 1 
T4S1P1A45B100QHD075 45 100 0.035 75 0.75 95 5 
T4S1P1A45B100QHD100 45 100 0.035 100 1.00 93 7 
T4S1P1A45B100QHD150 45 100 0.035 150 1.50 69 31 
T4S1P1A45B100QHD200 45 100 0.035 200 2.00 49 51 
T4S1P1A45B100QHD275 45 100 0.035 275 2.75 48 52 
T4S1P1A45B100QHD300 45 100 0.035 300 3.00 41 59 
T4S1P1A45B100QHD325 45 100 0.035 325 3.25 39 61 
























T4S1P1A45B150QHD025 45 150 0.035 25 0.17 100 0 
T4S1P1A45B150QHD050 45 150 0.035 50 0.33 100 0 
T4S1P1A45B150QHD075 45 150 0.035 75 0.50 96 4 
T4S1P1A45B150QHD100 45 150 0.035 100 0.67 94 6 
T4S1P1A45B150QHD150 45 150 0.035 150 1.00 98 2 
T4S1P1A45B150QHD200 45 150 0.035 200 1.33 80 20 
T4S1P1A45B150QHD275 45 150 0.035 275 1.83 77 23 
T4S1P1A45B150QHD300 45 150 0.035 300 2.00 73 27 
T4S1P1A45B150QHD325 45 150 0.035 325 2.17 62 38 
T4S1P1A45B150QHD350 45 150 0.035 350 2.33 68 32 
T4S1P1A60B30QHD025 60 30 0.035 25 0.83 98 2 
T4S1P1A60B30QHD050 60 30 0.035 50 1.67 36 64 
T4S1P1A60B30QHD075 60 30 0.035 75 2.50 26 74 
T4S1P1A60B30QHD100 60 30 0.035 100 3.33 24 76 
T4S1P1A60B30QHD150 60 30 0.035 150 5.00 27 73 
T4S1P1A60B30QHD200 60 30 0.035 200 6.67 23 77 
T4S1P1A60B30QHD275 60 30 0.035 275 9.17 25 75 
T4S1P1A60B30QHD300 60 30 0.035 300 10.00 20 80 
T4S1P1A60B30QHD325 60 30 0.035 325 10.83 19 81 
T4S1P1A60B30QHD350 60 30 0.035 350 11.67 21 79 
T4S1P1A60B40QHD025 60 40 0.035 25 0.63 96 4 
T4S1P1A60B40QHD050 60 40 0.035 50 1.25 70 30 
T4S1P1A60B40QHD075 60 40 0.035 75 1.88 38 62 
T4S1P1A60B40QHD100 60 40 0.035 100 2.50 29 71 
T4S1P1A60B40QHD150 60 40 0.035 150 3.75 30 70 
T4S1P1A60B40QHD200 60 40 0.035 200 5.00 26 74 
T4S1P1A60B40QHD275 60 40 0.035 275 6.88 24 76 
T4S1P1A60B40QHD300 60 40 0.035 300 7.50 25 75 
T4S1P1A60B40QHD325 60 40 0.035 325 8.13 22 78 
T4S1P1A60B40QHD350 60 40 0.035 350 8.75 20 80 
T4S1P1A60B50QHD025 60 50 0.035 25 0.50 98 2 
T4S1P1A60B50QHD050 60 50 0.035 50 1.00 88 12 
























T4S1P1A60B50QHD100 60 50 0.035 100 2.00 45 55 
T4S1P1A60B50QHD150 60 50 0.035 150 3.00 36 64 
T4S1P1A60B50QHD200 60 50 0.035 200 4.00 32 68 
T4S1P1A60B50QHD275 60 50 0.035 275 5.50 30 70 
T4S1P1A60B50QHD300 60 50 0.035 300 6.00 34 66 
T4S1P1A60B50QHD325 60 50 0.035 325 6.50 24 76 
T4S1P1A60B50QHD350 60 50 0.035 350 7.00 32 68 
T4S1P1A60B60QHD025 60 60 0.035 25 0.42 93 7 
T4S1P1A60B60QHD050 60 60 0.035 50 0.83 86 14 
T4S1P1A60B60QHD075 60 60 0.035 75 1.25 74 26 
T4S1P1A60B60QHD100 60 60 0.035 100 1.67 48 52 
T4S1P1A60B60QHD150 60 60 0.035 150 2.50 36 64 
T4S1P1A60B60QHD200 60 60 0.035 200 3.33 28 72 
T4S1P1A60B60QHD275 60 60 0.035 275 4.58 35 65 
T4S1P1A60B60QHD300 60 60 0.035 300 5.00 30 70 
T4S1P1A60B60QHD325 60 60 0.035 325 5.42 31 69 
T4S1P1A60B60QHD350 60 60 0.035 350 5.83 32 68 
T4S1P1A60B80QHD025 60 80 0.035 25 0.31 99 1 
T4S1P1A60B80QHD050 60 80 0.035 50 0.63 96 4 
T4S1P1A60B80QHD075 60 80 0.035 75 0.94 91 9 
T4S1P1A60B80QHD100 60 80 0.035 100 1.25 70 30 
T4S1P1A60B80QHD150 60 80 0.035 150 1.88 50 50 
T4S1P1A60B80QHD200 60 80 0.035 200 2.50 45 55 
T4S1P1A60B80QHD275 60 80 0.035 275 3.44 41 59 
T4S1P1A60B80QHD300 60 80 0.035 300 3.75 35 65 
T4S1P1A60B80QHD325 60 80 0.035 325 4.06 38 62 
T4S1P1A60B80QHD350 60 80 0.035 350 4.38 32 68 
T4S1P1A60B100QHD025 60 100 0.035 25 0.25 99 1 
T4S1P1A60B100QHD050 60 100 0.035 50 0.50 92 8 
T4S1P1A60B100QHD075 60 100 0.035 75 0.75 94 6 
T4S1P1A60B100QHD100 60 100 0.035 100 1.00 94 6 
T4S1P1A60B100QHD150 60 100 0.035 150 1.50 68 32 
























T4S1P1A60B100QHD275 60 100 0.035 275 2.75 52 48 
T4S1P1A60B100QHD300 60 100 0.035 300 3.00 50 50 
T4S1P1A60B100QHD325 60 100 0.035 325 3.25 48 52 
T4S1P1A60B100QHD350 60 100 0.035 350 3.50 42 58 
T4S1P1A60B150QHD025 60 150 0.035 25 0.17 98 2 
T4S1P1A60B150QHD050 60 150 0.035 50 0.33 96 4 
T4S1P1A60B150QHD075 60 150 0.035 75 0.50 95 5 
T4S1P1A60B150QHD100 60 150 0.035 100 0.67 92 8 
T4S1P1A60B150QHD150 60 150 0.035 150 1.00 93 7 
T4S1P1A60B150QHD200 60 150 0.035 200 1.33 74 26 
T4S1P1A60B150QHD275 60 150 0.035 275 1.83 63 37 
T4S1P1A60B150QHD300 60 150 0.035 300 2.00 64 36 
T4S1P1A60B150QHD325 60 150 0.035 325 2.17 58 42 




Appendix E – Regression Analysis from Testing Phase 1 
Response 1 Blockage 
Transform: Logit Lower bound: 0 Upper bound: 100 
 Stepwise Regression with Alpha to Enter = 0.100, Alpha to Exit = 0.100 




t for H0 
Coeff=0 
Prob > |t| R-Squared MSE 
   D-Debris Length 1.59 -23.13 <0.0001 0.4688 1.41 
   B-Bar Spacing -1.26 22.04 <0.0001 0.7054 0.78 
   D2 -1.64 19.29 <0.0001 0.8177 0.48 
   BD 0.55 -8.94 <0.0001 0.8391 0.43 
   A-Screen Angle -0.25 8.10 <0.0001 0.8549 0.39 
   B2 0.42 -6.52 <0.0001 0.8645 0.36 
   C-Discharge -0.13 4.51 <0.0001 0.8689 0.35 
 
ANOVA for Response Surface Reduced Quadratic Model 
Analysis of variance table [Partial sum of squares - Type III]  
    




F Value p-value Prob 
> F 
 
Model 1393.74 7 199.11 568.17 < 0.0001 significant 
A-Screen Angle 24.89 1 24.89 71.02 < 0.0001  
B-Bar Spacing 412.75 1 412.75 1177.81 < 0.0001  
C-Discharge 7.12 1 7.12 20.32 < 0.0001  
 D-Debris Length 826.79 1 826.79 2359.34 < 0.0001  
 BD 34.10 1 34.10 97.32 < 0.0001  
 B2 15.37 1 15.37 43.87 < 0.0001  
 D2 192.04 1 192.04 547.99 < 0.0001  
Residual 210.26 600 0.35    
Cor Total 1604.00 607     
 
The Model F-value of 568.17 implies the model is significant.  There is only 
a 0.01% chance that a "Model F-Value" this large could occur due to noise. 
Values of "Prob > F" less than 0.0500 indicate model terms are significant.   
In this case A, B, C, D, BD, B2, D2 are significant model terms.   
Values greater than 0.1000 indicate the model terms are not significant.   






Std. Dev. 0.59 R-Squared 0.8689 
Mean -0.47 Adj R-Squared 0.8674 
C.V. % 125.87 Pred R-Squared 0.8650 
PRESS 216.58 Adeq Precision 107.286 
The "Pred R-Squared" of 0.8650 is in reasonable agreement with the "Adj R-Squared" 
of 0.8674."Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is 
desirable.  Your ratio of 107.286 indicates an adequate signal.  This model can be used 





95% CI Low 95% CI 
High 
VIF 
 Intercept -0.30 1 0.053 -0.40 -0.19  
 A-Screen Angle -0.25 1 0.030 -0.31 -0.19 1.00 
 B-Bar Spacing -1.33 1 0.039 -1.40 -1.25 1.02 
 C-Discharge -0.13 1 0.029 -0.19 -0.075 1.00 
 D-Debris Length 1.90 1 0.039 1.82 1.98 1.31 
 BD 0.55 1 0.056 0.44 0.66 1.30 
 B2 0.41 1 0.063 0.29 0.54 1.01 
 D2 -1.70 1 0.073 -1.84 -1.56 1.01 
 
Final Equation in Terms of Coded Factors: 
 Logit(Blockage)  = Ln[(Blockage + 0.00)/(100.00 - Blockage)] = 
  -0.30 
  -0.25   * A 
  -1.33   * B 
  -0.13   * C 
  +1.90   * D 
  +0.55   * B * D 
  +0.41   * B2 
  -1.70   * D2 
Final Equation in Terms of Actual Factors: 
Logit(Blockage)  = Ln[(Blockage + 0.00)/(100.00 - Blockage)] = 
 +0.051284 
 -0.016648     * Screen Angle 
 -53.42828     * Bar Spacing 
 -8.82257       * Discharge 
 +30.72767    * Debris Length 
 +56.44123    * Bar Spacing * Debris Length 
 +115.23579  * Bar Spacing2 
 -64.30326     * Debris Length2 
 263 
 
Appendix F – Regression Analysis from Testing Phase 2 
Response 1 Blocked 
Transform: Logit Lower bound: 0 Upper bound: 100 
 Stepwise Regression with Alpha to Enter = 0.100, Alpha to Exit = 0.100 
 






Prob > |t| R-Squared MSE 
   D-Debris Size 1.55 -20.63 <0.0001 0.4300 1.47 
   B-Bar Spacing -1.28 20.32 <0.0001 0.6711 0.85 
   D2 -1.73 17.57 <0.0001 0.7877 0.55 
   BD 0.69 -9.63 <0.0001 0.8179 0.47 
   A-Screen Angle -0.27 7.87 <0.0001 0.8360 0.43 
   B2 0.45 -6.46 <0.0001 0.8474 0.40 
 
 ANOVA for Response Surface Reduced Quadratic Model 
Analysis of variance table [Partial sum of squares - Type III]    
 




F Value p-value 
Prob > F 
 
Model 1235.50 6 205.92 517.21 < 0.0001 significant 
A-Screen Angle 25.31 1 25.31 63.58 < 0.0001  
 B-Bar Spacing 412.06 1 412.06 1034.97 < 0.0001  
 D-Debris Size 795.95 1 795.95 1999.22 < 0.0001  
 BD 41.69 1 41.69 104.72 < 0.0001  
 B2 16.60 1 16.60 41.68 < 0.0001  
 D2 198.33 1 198.33 498.15 < 0.0001  
Residual 222.56 559 0.40    
Cor Total 1458.06 565     
The Model F-value of 517.21 implies the model is significant.  There is only a 0.01% 
chance that a "Model F-Value" this large could occur due to noise. 
 
Values of "Prob > F" less than 0.0500 indicate model terms are significant.   
In this case A, B, D, BD, B2, D2 are significant model terms.   
Values greater than 0.1000 indicate the model terms are not significant.   
 
 Std. Dev. 0.63 R-Squared 0.8474 
 Mean -0.30 Adj R-Squared 0.8457 
 C.V. % 212.60 Pred R-Squared 0.8429 






The "Pred R-Squared" of 0.8429 is in reasonable agreement with the "Adj R-Squared" 
of 0.8457. 
"Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  
Your ratio of 105.029 indicates an adequate signal.  This model can be used to navigate 

















-0.26 1 0.033 -0.33 -0.20 1.01 
 B-Bar 
Spacing 




2.14 1 0.048 2.05 2.23 1.50 
 BD 0.67 1 0.066 0.54 0.80 1.45 
 B2 0.45 1 0.070 0.31 0.59 1.02 
 D2 -1.89 1 0.084 -2.05 -1.72 1.07 
 
  Final Equation in Terms of Coded Factors: 
 
  Logit(Blocked)  = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
  -0.32 
  -0.26   * A 
  -1.43   * B 
 +2.14   * D 
 +0.67   * B * D 
 +0.45   * B2 
  -1.89   * D2 
  Final Equation in Terms of Actual Factors: 
  Logit(Blocked)  = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
   -0.17582 
   -0.017546  * Screen Angle 
   -59.44834  * Bar Spacing 
   +33.74227  * Debris Size 
   +68.93594  * Bar Spacing * Debris Size 
   +125.61712  * Bar Spacing2 




Appendix G – Regression Analysis from Testing Phase 3 
 
Response 1 Blocked 
Transform: Logit Lower bound: 0 Upper bound: 100 
 Stepwise Regression with Alpha to Enter = 0.100, Alpha to Exit = 0.100 
 
Forced Terms   Intercept 
         
Added Coefficient 
Estimate 
t for H0 
Coeff=0 
Prob > |t| R- Squared MSE 
 B-Debris Length 1.85 -15.61 <0.0001 0.4838 1.75 
A-Bar Spacing -1.31 12.42 <0.0001 0.6766 1.10 
 B2 -1.97 12.46 <0.0001 0.7981 0.69 
C-Relative Velocity -0.51 8.90 <0.0001 0.8457 0.53 
AB 0.75 -7.51 <0.0001 0.8736 0.43 
B3 1.28 -6.00 <0.0001 0.8892 0.38 
AB2 0.70 -3.49 0.0006 0.8943 0.37 
A2 0.32 -3.27 0.0012 0.8986 0.35 
  
ANOVA for Response Surface Reduced Cubic Model 
Analysis of variance table [Partial sum of squares - Type III]    




F Value p-value 
Prob > F 
 
 
Model 790.21 8 98.78 280.23 < 0.0001 significant 
  A-Bar Spacing 104.63 1 104.63 296.85 < 0.0001  
  B-Debris Length 31.89 1 31.89 90.47 < 0.0001  
  C-Relative Velocity 43.04 1 43.04 122.09 < 0.0001  
  AB 15.90 1 15.90 45.12 < 0.0001  
  A2 3.78 1 3.78 10.73 0.0012  
  B2 64.64 1 64.63 183.37 < 0.0001  
  AB2 5.24 1 5.24 14.86 0.0001  
  B3 11.50 1 11.50 32.62 < 0.0001  
Residual 89.18 253 0.35    
Cor Total 879.41 261     
 
The Model F-value of 280.23 implies the model is significant.  There is only a 0.01% 
chance that a "Model F-Value" this large could occur due to noise. 
 
Values of "Prob > F" less than 0.0500 indicate model terms are significant.   





Std. Dev. 0.59 R-Squared 0.8986 
Mean  -0.30 Adj R-Squared 0.8954 
C.V. % 197.74 Pred R-Squared 0.8885 
PRESS 98.07 Adeq Precision 72.120 
 
The "Pred R-Squared" of 0.8885 is in reasonable agreement with the "Adj R-Squared" 
of 0.8954. "Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is 
desirable.  Your ratio of 72.120 indicates an adequate signal.  This model can be used to 











 Intercept -0.26 1 0.088 -0.44 -0.089  
 A-Bar Spacing -1.80 1 0.10 -2.00 -1.59 3.07 
 B-Debris Length 1.47 1 0.15 1.16 1.77 8.39 
 C-Relative Velocity -0.52 1 0.047 -0.61 -0.42 1.00 
 AB 0.65 1 0.096 0.46 0.83 1.56 
 A2 0.32 1 0.098 0.13 0.51 1.03 
 B2 -1.82 1 0.13 -2.08 -1.55 1.44 
 AB2 0.76 1 0.20 0.37 1.14 3.80 
 B3 1.17 1 0.21 0.77 1.58 8.36 
 
  Final Equation in Terms of Coded Factors: 
  Logit(Blocked)  = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
  -0.26 
  -1.80   * A 
 +1.47   * B 
  -0.52   * C 
 +0.65   * A * B 
 +0.32   * A2 
  -1.82   * B2 
 +0.76   * A * B2 
 +1.17   * B3 
 
  Final Equation in Terms of Actual Factors: 
  Logit(Blocked)   = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
 -1.01356 
 -41.53535   * Bar Spacing 
 +73.90181   * Debris Length 
 -1.51795   * Relative Velocity 
 -113.14369   * Bar Spacing * Debris Length 
 +88.71015   * Bar Spacing2 
 -265.90675   * Debris Length2 
 +478.18207   * Bar Spacing * Debris Length2 
 +273.78569   * Debris Length3 
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Appendix H – Regression Analysis from Full Data Set 
Response 1 Blocked 
Transform: Logit Lower bound: 0 Upper bound: 100 
 Stepwise Regression with Alpha to Enter = 0.100, Alpha to Exit = 0.100 
 
Forced Terms   Intercept  
Added Coefficient 
Estimate 
t for H0 
Coeff=0 
Prob > |t| R-Squared MSE 
C-Debris Length 1.67 -26.98 <0.0001 0.4752 1.51 
B-Bar Spacing -1.28 24.20 <0.0001 0.6966 0.88 
C2 -1.74 21.99 <0.0001 0.8107 0.55 
BC 0.61 -10.54 <0.0001 0.8337 0.48 
E-Relative Velocity -0.72 10.69 <0.0001 0.8545 0.42 
 B2 0.39 -6.62 <0.0001 0.8621 0.40 
 A-Screen Angle 0.19 -5.16 <0.0001 0.8665 0.39 
 
 
         ANOVA for Response Surface Reduced Quadratic Model 
 Analysis of variance table [Partial sum of squares - Type III] 




F Value p-value 
Prob > F 
 
Model 2009.40 7 287.06 740.15 < 0.0001 significant 
A-Screen Angle 10.33 1 10.33 26.63 < 0.0001  
B-Bar Spacing 570.91 1 570.91 1472.04 < 0.0001  
C-Debris Length 1217.92 1 1217.92 3140.28 < 0.0001  
E-Relative Velocity 51.15 1 51.15 131.88 < 0.0001  
BC 52.99 1 52.99 136.62 < 0.0001  
B2 18.03 1 18.03 46.49 < 0.0001  
C2 280.06 1 280.06 722.11 < 0.0001  
Residual 309.49 798 0.39    
Cor Total 2318.9 805     
 
The Model F-value of 740.15 implies the model is significant.  There is only a 0.01% 
chance that a "Model F-Value" this large could occur due to noise. 
 
Values of "Prob > F" less than 0.0500 indicate model terms are significant.   






Std. Dev. 0.62 R-Squared 0.8665 
Mean   -0.392 Adj R-Squared 0.8654 
C.V. % 159.98 Pred R-Squared 0.8634 
PRESS 316.76 Adeq Precision 124.128 
 
The "Pred R-Squared" of 0.8654 is in reasonable agreement with the "Adj R-Squared" 
of 0.8645. "Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is 
desirable.  Your ratio of 124.128 indicates an adequate signal.  This model can be used 











 Intercept 0.20 1 0.058 0.086 0.32  
A-Screen Angle 0.19 1 0.038 0.12 0.27 2.04 
B-Bar Spacing -1.36 1 0.035 -1.43 -1.29 1.02 
C-Debris Length 2.03 1 0.036 1.95 2.10 1.32 
 E-Relative Velocity -1.05 1 0.092 -1.23 -0.87 2.04 
 BC 0.60 1 0.052 0.50 0.71 1.31 
 B2 0.39 1 0.057 0.28 0.50 1.01 
 C2 -1.79 1 0.067 -1.92 -1.66 1.02 
 
 
  Final Equation in Terms of Coded Factors: 
 
  Logit(Blocked)  = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
 +0.20 
 +0.19   * A 
  -1.36   * B 
 +2.032   * C 
  -1.05   * E 
 +0.60   * B * C 
 +0.39   * B2 
  -1.79   * C2 
 
  Final Equation in Terms of Actual Factors: 
 
  Logit(Blocked)   = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
 +0.033990 
 +0.012962   * Screen Angle 
 -53.87339   * Bar Spacing 
 +32.34954   * Debris Length 
 -1.24938   * Relative Velocity 
 +61.95619   * Bar Spacing * Debris Length 
 +108.67909   * Bar Spacing2 
 -67.89552   * Debris Length2 
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Appendix I – Regression Analysis from Summary Data Set 
Response 1 Blocked 
Transform: Logit Lower bound: 0 Upper bound: 100 
 Stepwise Regression with Alpha to Enter = 0.100, Alpha to Exit = 0.100 
 




t for H0 
Coeff=0 
Prob > |t| R-Squared MSE 
B-Bar Spacing -0.97 20.44 <0.0001 0.8359 0.077 
D-Relative Velocity -0.52 7.64 <0.0001 0.9046 0.046 
B2 0.31 -6.15 <0.0001 0.9353 0.031 
A-Screen Angle 0.18 -6.72 <0.0001 0.9588 0.020 
 
         ANOVA for Response Surface Reduced Quadratic Model 
 Analysis of variance table [Partial sum of squares - Type III] 




F Value p-value 
Prob > F 
 
Model 37.07 4 9.27 459.81 < 0.0001 significant 
A-Screen Angle 0.91 1 0.91 45.17 < 0.0001  
B-Bar Spacing 32.20 1 32.20 1597.80 < 0.0001  
D-Relative Velocity 3.33 1 3.33 165.16 < 0.0001  
B2 1.18 1 1.18 58.75 < 0.0001  
Residual 1.59 79 0.020    
Cor Total 38.66 83     
The Model F-value of 459.81 implies the model is significant.  There is only a 0.01% 
chance that a "Model F-Value" this large could occur due to noise. 
 
Values of "Prob > F" less than 0.0500 indicate model terms are significant.   
In this case A, B, D, B2 are significant model terms.   
  
 Std. Dev. 0.14 R-Squared 0.9588 
 Mean -0.22 Adj R-Squared 0.9567 
 C.V. % 64.72 Pred R-Squared 0.9529 
 PRESS 1.82 Adeq Precision 75.727 
 
The "Pred R-Squared" of 0.9529 is in reasonable agreement with the "Adj R-Squared" 
of 0.9567. 
 
"Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  
Your ratio of 75.727 indicates an adequate signal.  This model can be used to navigate 















 Intercept -0.35 1 0.034 -0.42 -0.28  
 A-Screen Angle 0.18 1 0.027 0.13 0.23 2.02 
 B-Bar Spacing -0.97 1 0.024 -1.01 -0.92 1.00 
 D-Relative Velocity -0.82 1 0.064 -0.95 -0.69 2.02 
 B2 0.31 1 0.040 0.23 0.39 1.00 
 
 
  Final Equation in Terms of Coded Factors: 
 
  Logit(Blocked)  = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
  -0.35 
 +0.18   * A 
  -0.97   * B 
  -0.82   * D 
 +0.31   * B2 
 
 
  Final Equation in Terms of Actual Factors: 
 
  Logit(Blocked)   = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
 +2.17217 
 +0.011900   * Screen Angle 
 -31.44277   * Bar Spacing 
 -0.97528   * Relative Velocity 












Appendix J – Regression Analysis from simplified linear models 
 
Full Data Set 
Response 1 Blocked 
Transform: Logit Lower bound: 0 Upper bound: 100 
 Stepwise Regression with Alpha to Enter = 0.100, Alpha to Exit = 0.100 
 
Forced Terms   Intercept 
         
Added Coefficient 
Estimate 
t for H0 
Coeff=0 
Prob > |t| R-Squared MSE 
C-Debris Length 1.67 -26.98 <0.0001 0.4752 1.51 
B-Bar Spacing -1.28 24.20 <0.0001 0.6966 0.88 
E-Relative Velocity -0.65 6.98 <0.0001 0.7139 0.83 
A-Screen Angle 0.21 -3.86 0.0001 0.7191 0.81 
     
ANOVA for Response Surface Reduced Linear Model 
Analysis of variance table [Partial sum of squares - Type III] 




F Value p-value 
Prob > F 
 
Model 1667.60 4 416.90 512.73 < 0.0001 significant 
 A-Screen Angle 12.12 1 12.12 14.90 0.0001  
 B-Bar Spacing 520.97 1 520.97 640.72 < 0.0001  
 C-Debris Length 1190.80 1 1190.80 1464.52 < 0.0001  
 E-Relative Velocity 48.04 1 48.04 59.08 < 0.0001  
Residual 651.29 801 0.81    
Cor Total 2318.90 805     
 
The Model F-value of 512.73 implies the model is significant.  There is only 
a 0.01% chance that a "Model F-Value" this large could occur due to noise. 
 
Values of "Prob > F" less than 0.0500 indicate model terms are significant.   
In this case A, B, C, E are significant model terms.   
Values greater than 0.1000 indicate the model terms are not significant.   
 
Std. Dev. 0.90 R-Squared 0.7191 
Mean  -0.39 Adj R-Squared 0.7177 
C.V. % 231.64 Pred R-Squared 0.7155 
PRESS 659.66 Adeq Precision 93.715 
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The "Pred R-Squared" of 0.7155 is in reasonable agreement with the "Adj R-Squared" 
of 0.7177."Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is 
desirable.  Your  ratio of 93.715 indicates an adequate signal.  This model can be used 











 Intercept -0.46 1 0.058 -0.58 -0.35  
 A-Screen Angle 0.21 1 0.055 0.10 0.32 2.04 
 B-Bar Spacing -1.29 1 0.051 -1.39 -1.19 1.00 
 C-Debris Length 1.74 1 0.046 1.65 1.83 1.00 
 E-Relative Velocity -1.02 1 0.13 -1.28 -0.76 2.04 
  
Final Equation in Terms of Coded Factors: 
 
  Logit(Blocked)  = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
  -0.46 
 +0.21   * A 
  -1.29   * B 
 +1.74   * C 
  -1.02   * E 
 
 Final Equation in Terms of Actual Factors: 
 
  Logit(Blocked)   = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
 -0.035617 
 +0.014036   * Screen Angle 
 -21.49494   * Bar Spacing 
 +10.73375   * Debris Length 
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Aggregated Data Set 
 
Response 1 Blocked 
Transform: Logit Lower bound: 0 Upper bound: 100 
 Stepwise Regression with Alpha to Enter = 0.100, Alpha to Exit = 0.100 
 
Forced Terms   Intercept 
         
Added Coefficient 
Estimate 
t for H0 
Coeff=0 
Prob > |t| R-Squared MSE 
B-Bar Spacing -0.97 20.44 <0.0001 0.8359 0.077 
E-Relative Velocity -0.52 7.64 <0.0001 0.9046 0.046 
A-Screen Angle 0.18 -5.12 <0.0001 0.9282 0.035 
      
ANOVA for Response Surface Reduced Linear Model 
Analysis of variance table [Partial sum of squares - Type III] 




F Value p-value 
Prob > F 
 
Model 35.88 3 11.96 344.69 < 0.0001 significant 
 A-Screen Angle 0.91 1 0.91 26.24 < 0.0001  
 B-Bar Spacing 32.32 1 32.32 931.30 < 0.0001  
 D-Relative Velocity 3.33 1 3.33 95.92 < 0.0001  
Residual 2.78 80 0.035    
Cor Total 38.66 83     
The Model F-value of 344.69 implies the model is significant.  There is only 
a 0.01% chance that a "Model F-Value" this large could occur due to noise. 
 
Values of "Prob > F" less than 0.0500 indicate model terms are significant.   
In this case A, B, D are significant model terms.   
Values greater than 0.1000 indicate the model terms are not significant.   
 
Std. Dev. 0.10 R-Squared 0.9282 
Mean  -0.22 Adj R-Squared 0.9255 
C.V. % 84.92 Pred R-Squared 0.9200 
PRESS 3.09 Adeq Precision 64.606 
 
The "Pred R-Squared" of 0.9200 is in reasonable agreement with the "Adj R-Squared" 
of 0.9255. 
 
"Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  
Your  ratio of 64.606 indicates an adequate signal.  This model can be used to navigate 
the design space. 
 














 Intercept -0.20 1 0.037 -0.27 -0.12  
 A-Screen Angle 0.18 1 0.035 0.11 0.25 2.02 
 B-Bar Spacing -0.97 1 0.032 -1.03 -0.91 1.00 
 D-Relative Velocity -0.82 1 0.084 -0.99 -0.65 2.02 
  
Final Equation in Terms of Coded Factors: 
 
  Logit(Blocked)  = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
  -0.20 
 +0.18   * A 
  -0.97   * B 
  -0.82   * D 
 
 Final Equation in Terms of Actual Factors: 
 
  Logit(Blocked)   = Ln[(Blocked + 0.00)/(100.00 - Blocked)] = 
 +1.63507 
 +0.011900   * Screen Angle 
 -16.13607   * Bar Spacing 







Appendix K – Macros for Blockage Estimation Tool 
 
'/^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^/ 
'/* WELCOME TO THE CODE FOR THE CULVERT BLOCKAGE ESTIMATOR */ 
'/^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^/ 
'/###################################################/ 
'/# SET UP THE GLOBAL CONSTANTS AND VARIABLES #/ 
'/###################################################/ 
''/* ****************/ 
'/* Spreadsheet name */ 
'/* ****************/ 
Public Const Workbook As String = "Blockage_estimator.xlsm" 
' 
'/* **********************************/ 
'/* The position of the parameter  decription */ 
'/* **********************************/ 
Public Const R_angle_txt As String = "C8"                   '/* Screen Angle */ 
Public Const R_bar_spacing_txt As String = "C10"      '/* Bar Spacing */ 
Public Const R_debris_length_txt As String = "C12"    '/* Debris Length */ 
Public Const R_position_txt As String = "C14"             '/* Relative Velocity */ 
' 
'/* *******************************/ 
'/* The position of the Input parameters */ 
'/* *******************************/ 
Public Const R_angle As String = "E8"                          '/* Screen Angle */ 
Public Const R_bar_spacing As String = "E10"              '/* Bar Spacing */ 
Public Const R_debris_length As String = "E12"           '/* Debris Length */ 
Public Const R_position As String = "E14"                    '/* Relative Velocity */ 
Public Const R_model_type As String = "B1"               '/* 1 - Empirical model */ 
'                                                                                        /* 2 – Linear  model */ 
' 
'/* ********************************/ 
'/* The position of the output parameters */ 
'/* *******************************/ 
Public Const R_blockage As String = "N10"                  '/* Blockage */ 
Public Const R_blockage_low As String = "O10"          '/* Worksheet Model */ 
Public Const R_blockage_high As String = "P10"         '/* Worksheet Model */ 
' 
'/* *******************/ 
'/* Error check variables */ 
'/* ******************/ 
Public angle_error As Integer 
Public bar_spacing_error As Integer 
Public debris_length_error As Integer 
Public position_error As Integer 
Public calculation_error As Integer 
Public Const R_error_message As String = "B16" 
 
'/* *****************/ 
'/* The input constants */ 
'/* *****************/ 
Public extrapolation_flag As Integer 
Public bar_spacing_min As Double 
Public bar_spacing_max As Double 




Public debris_length_max As Double 
Public bar_spacing_min_str As String 
Public bar_spacing_max_str As String 
Public debris_length_min_str As String 
Public debris_length_max_str As String 
Public position_min As Double 
Public position_max As Double 
Public position_min_str As String 
Public position_max_str As String 
' 
'/* ******************/ 
'/* The output variables */ 
'/* *****************/ 
Public Blockage As Double                       '/* Estimated % trapped by the trash screen */ 
Public error_message As String 
' 
Option Explicit                                           'All the data are declared 
' 
'/###############/ 





















'/# INITIALISATION #/ 
'/##################/ 
'/***************************************/ 






Worksheets("Model").Range(R_angle) = 45 
Worksheets("Model").Range(R_bar_spacing_txt) = "Bar Spacing (m)" 
Worksheets("Model").Range(R_bar_spacing) = 0.15 
Worksheets("Model").Range(R_debris_length_txt) = "Debris Length (m)" 
Worksheets("Model").Range(R_debris_length) = 0 
Worksheets("Model").Range(R_position_txt) = "Relative Velocity" 




Worksheets("model").angle_spin.Visible = True 
Worksheets("model").bar_spacing_spin.Visible = True 
Worksheets("model").debris_length_spin.Visible = True 
Worksheets("model").position_spin.Visible = True 
     
angle_error = 0 
bar_spacing_error = 0 
debris_length_error = 0 
position_error = 0 
calculation_error = 0 











bar_spacing_min = 0.01 
bar_spacing_max = 2 
bar_spacing_min_str = "0.01" 
bar_spacing_max_str = "2" 
debris_length_min = 0.025 
debris_length_max = 5 
debris_length_min_str = "0.025" 
debris_length_max_str = "5" 
position_min = 0.1 
position_max = 10 
position_min_str = "0.1" 













ActiveSheet.Unprotect  '/* not sure why need to do this but can't change the color if you don't */ 
 
If Worksheets("Model").Range(R_angle) > 90 Then 
    Worksheets("Model").Range(R_angle).Select 
        With Selection.Interior 
                .ColorIndex = 3 
        End With 
    Worksheets("Model").Range(R_error_message) = "ERROR angle must be between 1 and 90 
degrees" 
    angle_error = 1 




ElseIf Worksheets("Model").Range(R_angle) < 1 Then 
    Worksheets("Model").Range(R_angle).Select 
        With Selection.Interior 
                .ColorIndex = 3 
        End With 
    Worksheets("Model").Range(R_error_message) = "ERROR angle must be between 1 and 90 
degrees" 
    angle_error = 1 
 
Else 
    Worksheets("Model").Range(R_angle).Select 
        With Selection.Interior 
                .ColorIndex = 2 
        End With 
    Worksheets("Model").Range(R_error_message) = " " 
    angle_error = 0 
End If 
 
'/* Check if within range modelled, if not dispay a warning */ 
If Worksheets("Model").Range(R_angle) < 30 Or Worksheets("Model").Range(R_angle) > 60 
Then 













ActiveSheet.Unprotect  '/* not sure why need to do this but can't change the color if you don't */ 
 
If Worksheets("Model").Range(R_bar_spacing) > bar_spacing_max Then 
    Worksheets("Model").Range(R_bar_spacing).Select 
        With Selection.Interior 
              .ColorIndex = 3 
         End With 
     error_message = "ERROR bar spacing must be between " + bar_spacing_min_str + " and " _  
                                                 +  bar_spacing_max_str 
     Worksheets("Model").Range(R_error_message) = error_message 
     bar_spacing_error = 1 
  
ElseIf Worksheets("Model").Range(R_bar_spacing) < bar_spacing_min Then 
     Worksheets("Model").Range(R_bar_spacing).Select 
         With Selection.Interior 
                 .ColorIndex = 3 
         End With 
     error_message = "ERROR bar spacing must be between " + bar_spacing_min_str + " and "  _ 
                                                +  bar_spacing_max_str 
     Worksheets("Model").Range(R_error_message) = error_message 






     Worksheets("Model").Range(R_bar_spacing).Select 
         With Selection.Interior 
                 .ColorIndex = 2 
      End With 
     Worksheets("Model").Range(R_error_message) = " " 
     bar_spacing_error = 0 
End If 
 
'/* Check if within range modelled, if not dispay a warning */ 
If Worksheets("Model").Range(R_bar_spacing) < 0.03 Or 
Worksheets("Model").Range(R_bar_spacing) > 0.15 Then 









'/* THIS SUBROUTINE VALIDATES THE DEBRIS LENGTH ENTERED   */ 
'/***************************************************************/ 
Sub validate_debris_length() 
ActiveSheet.Unprotect  '/* not sure why need to do this but can't change the color if you don't */ 
 
If Worksheets("Model").Range(R_debris_length) > debris_length_max Then 
    Worksheets("Model").Range(R_debris_length).Select 
        With Selection.Interior 
                .ColorIndex = 3 
        End With 
    Worksheets("Model").Range(R_error_message) = "ERROR debris length must be between " 
+ debris_length_min_str + _ 
                                                 " and " + debris_length_max_str 
    debris_length_error = 1 
     
ElseIf Worksheets("Model").Range(R_debris_length) > 0 And 
Worksheets("Model").Range(R_debris_length) < debris_length_min Then 
    Worksheets("Model").Range(R_debris_length).Select 
        With Selection.Interior 
                .ColorIndex = 3 
        End With 
    Worksheets("Model").Range(R_error_message) = "ERROR If a debris length is entered it 
must be between " + debris_length_min_str + _ 
                                                 " and " + debris_length_max_str 
   debris_length_error = 1 
     
Else 
    Worksheets("Model").Range(R_debris_length).Select 
        With Selection.Interior 
                .ColorIndex = 2 
        End With 
    Worksheets("Model").Range(R_error_message) = " " 






'/* Check if within range modelled, if not dispay a warning */ 
If Worksheets("Model").Range(R_debris_length) < 0.025 Or 
Worksheets("Model").Range(R_debris_length) > 0.35 Then 












ActiveSheet.Unprotect  '/* not sure why need to do this but can't change the color if you don't */ 
 
If Worksheets("Model").Range(R_position) > position_max Then 
    Worksheets("Model").Range(R_position).Select 
        With Selection.Interior 
              .ColorIndex = 3 
         End With 
     error_message = "ERROR relative velocity must be between " + position_min_str + " and " _ 
                                                 + position_max_str 
     Worksheets("Model").Range(R_error_message) = error_message 
     position_error = 1 
  
ElseIf Worksheets("Model").Range(R_position) < position_min Then 
     Worksheets("Model").Range(R_position).Select 
         With Selection.Interior 
                 .ColorIndex = 3 
         End With 
     error_message = "ERROR relative velocity must be between " + position_min_str + " and " _ 
                                              +  position_max_str 
     Worksheets("Model").Range(R_error_message) = error_message 
     position_error = 1 
  
Else 
     Worksheets("Model").Range(R_position).Select 
         With Selection.Interior 
                 .ColorIndex = 2 
      End With 
     Worksheets("Model").Range(R_error_message) = " " 
     position_error = 0 
End If 
 
'/* Check if within range modelled, if not dispay a warning */ 
If Worksheets("Model").Range(R_position) < 0.97 Or Worksheets("Model").Range(R_position) 
> 1.8 Then 















'/* THIS SUBROUTINE RUNS THE CALCULATIONS FOR AN ESTIMATE */ 




If Worksheets("Sheet1").Range(R_model_type) = 1 Then               '/*Empirical model*/ 
    Worksheets("Model").Activate 
    ActiveSheet.Unprotect 
    Range("N10").Select 
    Worksheets("Model").Range(R_blockage) = _ 
             0.03399 + _ 
             (0.012962 * (Worksheets("Model").Range(R_angle))) + _ 
             (-53.87339 * (Worksheets("Model").Range(R_bar_spacing))) + _ 
             (32.34954 * (Worksheets("Model").Range(R_debris_length))) + _ 
             (-1.24983 * (Worksheets("Model").Range(R_position))) + _ 
             (61.95619 * (Worksheets("Model").Range(R_bar_spacing)) * 
(Worksheets("Model").Range(R_debris_length))) + _ 
             (108.67909 * (Worksheets("Model").Range(R_bar_spacing)) * 
(Worksheets("Model").Range(R_bar_spacing))) + _ 
             (-67.89552 * (Worksheets("Model").Range(R_debris_length)) * 
(Worksheets("Model").Range(R_debris_length))) 
 
Else                                                                                                        '/*Linear model*/ 
   Worksheets("Model").Activate 
   ActiveSheet.Unprotect 
   Range("N10").Select 
   Worksheets("Model").Range(R_blockage) = _ 
             0.035617 + _ 
             (0.014036 * (Worksheets("Model").Range(R_angle))) + _ 
             (-21.49494 * (Worksheets("Model").Range(R_bar_spacing))) + _ 
             (10.73375 * (Worksheets("Model").Range(R_debris_length))) + _ 
             (-1.2105 * (Worksheets("Model").Range(R_position)))          
End If 
 
Worksheets("Model").Range(R_blockage) = _    
              Exp(Worksheets("Model").Range(R_blockage)) 
 
Worksheets("Model").Range(R_blockage) = (100 *_  
             Worksheets("Model").Range(R_blockage)) / (1 + _  
             Worksheets("Model").Range(R_blockage)) 
 
If Worksheets("Model").Range(R_blockage) < 0 Then 
    Worksheets("Model").Range(R_blockage) = 0 
ElseIf Worksheets("Model").Range(R_blockage) > 100 Then 











'/* THIS SUBROUTINE RUNS THE CALCULATIONS FOR AN ESTIMATE */ 




If Worksheets("Sheet1").Range(R_model_type) = 1 Then   '/*Empirical model*/ 
   Worksheets("Model").Activate 
   ActiveSheet.Unprotect 
   Range("N10").Select 
   Worksheets("Model").Range(R_blockage) = _ 
             2.17217 + _ 
             (0.0119 * (Worksheets("Model").Range(R_angle))) + _ 
             (-31.44277 * (Worksheets("Model").Range(R_bar_spacing))) + _ 
             (-0.97528 * (Worksheets("Model").Range(R_position))) + _ 
             (85.19416 * (Worksheets("Model").Range(R_bar_spacing)) * 
(Worksheets("Model").Range(R_bar_spacing))) 
 
Else                                                                                        '/*Linear model*/ 
   Worksheets("Model").Activate 
   ActiveSheet.Unprotect 
   Range("N10").Select 
   Worksheets("Model").Range(R_blockage) = _ 
             1.63507 + _ 
             (0.0119 * (Worksheets("Model").Range(R_angle))) + _ 
             (-16.13607 * (Worksheets("Model").Range(R_bar_spacing))) + _ 
             (-0.97528 * (Worksheets("Model").Range(R_position))) 
End If 
              
Worksheets("Model").Range(R_blockage) = Exp(Worksheets("Model").Range(R_blockage)) 
 
Worksheets("Model").Range(R_blockage) = (100 * Worksheets("Model").Range(R_blockage)) 
/ (1 + Worksheets("Model").Range(R_blockage)) 
 
If Worksheets("Model").Range(R_blockage) < 0 Then 
    Worksheets("Model").Range(R_blockage) = 0 
ElseIf Worksheets("Model").Range(R_blockage) > 100 Then 






















'/* CHECK THE VALIDATIONS */ 
extrapolation_flag = 0 
 
'/* CHECK THE ANGLE */ 
angle_error = 0 
Call validate_angle 
If angle_error = 1 Then 
Worksheets("Model").Activate 
    ActiveSheet.Unprotect 
    Range("N10").Select 
        Worksheets("Model").Range(R_blockage) = "" 
    Exit Sub 
End If 
 
'/* CHECK THE BAR SPACING */ 
bar_spacing_error = 0 
Call validate_bar_spacing 
If bar_spacing_error = 1 Then 
Worksheets("Model").Activate 
    ActiveSheet.Unprotect 
    Range("N10").Select 
        Worksheets("Model").Range(R_blockage) = "" 
    Exit Sub 
End If 
 
'/* CHECK THE DEBRIS_LENGTH */ 
debris_length_error = 0 
Call validate_debris_length 
If debris_length_error = 1 Then 
Worksheets("Model").Activate 
    ActiveSheet.Unprotect 
    Range("N10").Select 
        Worksheets("Model").Range(R_blockage) = "" 
    Exit Sub 
End If 
 
'/* CHECK THE RELATIVE VELOCITY */ 
position_error = 0 
Call validate_position 
If position_error = 1 Then 
Worksheets("Model").Activate 
    ActiveSheet.Unprotect 
    Range("N10").Select 
        Worksheets("Model").Range(R_blockage) = "" 




'/* CHECK IF EXTRAPOLATIONS HAVE BEEN USED */ 
If extrapolation_flag = 1 Then 
    Worksheets("model").warning_msg.Visible = True 
Else 







'/* DO THE CALCULATIONS   */ 
calculation_error = 0 
 
If Worksheets("Model").Range(R_debris_length) = 0 Or 
Worksheets("Model").Range(R_debris_length) = "" Then 
    Call logit_summary_calculation_model 
Else 
    Call logit_full_calculation_model 
End If 
  
If calculation_error = 1 Then 







'/* SUPPLEMENTARY FUNCTIONALITY    */ 
'/^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^/ 
'/********************/ 
'/* FORM CONTROL    */ 
'/********************/ 
Private Sub angle_spin_SpinDown() 
    Call run_model 
End Sub 
 
Private Sub angle_spin_SpinUp() 
    Call run_model 
End Sub 
 
Private Sub bar_spacing_spin_SpinUp() 
    ActiveSheet.Unprotect 
    Worksheets("Model").Range(R_bar_spacing) = Worksheets("Model").Range(R_bar_spacing) 
+ 0.01 
    Call run_model 
    ActiveSheet.Protect 
End Sub 
 
Private Sub bar_spacing_spin_SpinDown() 
    ActiveSheet.Unprotect 
    Worksheets("Model").Range(R_bar_spacing) = Worksheets("Model").Range(R_bar_spacing) 
- 0.01 
    Call run_model 
    ActiveSheet.Protect 
End Sub 
 
Private Sub debris_length_spin_SpinUp() 
    ActiveSheet.Unprotect 
    Worksheets("Model").Range(R_debris_length) = 
Worksheets("Model").Range(R_debris_length) + 0.1 
    Call run_model 
    ActiveSheet.Protect 
End Sub 
 




    ActiveSheet.Unprotect 
    If Worksheets("Model").Range(R_debris_length) < 0.11 Then 
       Worksheets("Model").Range(R_debris_length) = 0 
    Else 
        Worksheets("Model").Range(R_debris_length) = 
Worksheets("Model").Range(R_debris_length) - 0.1 
    End If 
    Call run_model 
    ActiveSheet.Protect 
End Sub 
 
Private Sub discharge_spin_SpinUp() 
    ActiveSheet.Unprotect 
    Worksheets("Model").Range(R_discharge) = Worksheets("Model").Range(R_discharge) + 
0.01 
    Call run_model 
    ActiveSheet.Protect 
End Sub 
 
Private Sub discharge_spin_SpinDown() 
    ActiveSheet.Unprotect 
    Worksheets("Model").Range(R_discharge) = Worksheets("Model").Range(R_discharge) - 
0.01 
    Call run_model 
    ActiveSheet.Protect 
End Sub 
 
Private Sub position_spin_SpinUp() 
    ActiveSheet.Unprotect 
    Worksheets("Model").Range(R_position) = Worksheets("Model").Range(R_position) + 0.1 
    Call run_model 
    ActiveSheet.Protect 
End Sub 
 
Private Sub position_spin_SpinDown() 
    ActiveSheet.Unprotect 
    If Worksheets("Model").Range(R_position) < 0.11 Then 
       Worksheets("Model").Range(R_position) = 0 
    Else 
       Worksheets("Model").Range(R_position) = Worksheets("Model").Range(R_position) - 0.1 
    End If 
        Call run_model 
    ActiveSheet.Protect 
End Sub 
 
 
